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List of Symbols
A = Cross sectional area, also aspiration
coefficient
Ab = Free jet sampling probe inlet bore area
Ap = Inlet area of settling chamber sampling probe
Aw = Front area of free jet sampling probe wall
A* = Minimum cross sectional area of free jet
supersonic nozzle
B = Coefficient related to B(K)
C = Sample aerosol concentration
Co = True or free stream aerosol concentration
Cs = Cunningham slip-flow correction
C' = Orifice constant
D = Outside diameter of sampling probe inlet
De = Exit diameter of free jet nozzle
DP = Inside diameter of sampling probe inlet
dP = Particle diameter
E = Probe collection efficiency
Emax = Maximum energy
Ep = Reduced probe collection efficiencyVarious orifice factors
Function
Probe mass fraction ingested
Mass flowrate
Acceleration of gravity
Length of radioactive source for aerosol
charge neutralizer
Ho = Null hypothesis
by = Velocity pressure
hw = Orifice differential pressure
ID = Inside diameter
K = Stokes number
k = Specific ionization constant
Kn = Knudsen number
L = Length
M = Mach number
Mg = Geometric mean diameter by count
M' = g Geometric mean diameter by weight
MW = Molecular weight
N = Coefficient depending on Stokes number
NS = Normal shock
no, = Equilibrium bipolar ion concentration
OD = Outside diameter
P = PressurePamb = Ambient or atmospheric pressure
Pc = Collapsing pressure
P't= Operating gage pressure for settling chamber
Pf = Flowing pressure
Volumetric flow rate
Qa = Volumetric flow rate at actual conditions
Qb = Volumetric flow rate at standard conditions
Qm = Volumetric flow rate at desired conditions
R or
ro = Radius
Rg Universal gas constant
RP = Particle radius
Re = Reynolds number
Rs = Sample reflectance
Rw = Clean filter reflectance
r = Correlation coefficient
Line source strength for aerosol charge
neutralizer, also standard deviation of the
mean
So = Required source activity for aerosol charge
neutralizer
SN = Smoke number
T = Temperature
Tb = Base temperature
Tf = Flowing temperature
t = Tube wall thickness, also t-statistic
tres = Residence timet* = Ratio of residence time to neutralization time
U = Mean flow velocity at sampling probe inlet
U0 = Free stream velocity along the flow line
passing through the axis of the probe
U'0= Free stream velocity upstream of normal shock
V = Velocity
X = Length, also ordinate
Xc = Length of potential core
Y = Abscissa
a = Recombination coefficient
B = Beta energy
13(K) = Stokes number function
/ = Ratio of specific heats, also gamma energy
6 = Shock detachment distance
n = Inertial parameter
A = Particle range
A* = Mean free path
m = Linear absorption coefficient
Ag = Gas viscosity
P = Fluid density
Pp = Particle density
Pstd = Fluid density at standard conditions
CI = Geometric standard deviation'Dr
1
2
Neutralization time
Non-Stokesian correction factor
Ratio of probe radius-to-shock detachment
distance
Particle impaction parameter
General Subscripts
=Condition upstream of normal shock
=Condition downstream of normal shock
e or exit=Condition at free jet nozzle exit
t =Total or stagnation condition
Dimensional Units
atm =Atmospheres
C =Celsius degree
CM =Centimeter
cm3 =Cubic centimeter
cmHg =Centimeters of mercury
cfm =Cubic feet per minute
F =Fahrenheit degree
fpm =Feet per minute
ft =Foot
gm =Gram
hp =Horsepower
in or " =Inchin H2O =Inches of water
in Hg =Inches of mercury
Lbf =Pound force
Lbm =Pound mass
1 =Liter
m =Meter
min =Minute
Mev =Million electron volts
mm =Millimeter
my =Millevolt
mCi =Millicurie
mg =Milligram
m3 =Cubic meter
psig =Pounds per square inch gage
psia =Pounds per square inch absolute
R =Rankine degree
sec =Seconds
scfm =Standard cubic feet per minute
% =Percent
Super
script° =Angular degree
Ag =Microgram
Pm =MicrometerTERMINOLOGY
The following is a list of terms used in thisstudy
which may not be in commonuse, or which may have more
than one common meaning.
Aerosol:A system consisting of fine particles, solidor
liquid, in gaseous suspension.Because aerosols
contain fine particles, theyare characterized as a
stable or quasi-stable system.
Aerosol charge neutralizer:A device that achieves
electrical neutralization of aerosols (i.e.
Boltzmann charge equilibrium) by mixinga charged
aerosol with a mixture of positive and negative
small ions generated in the gas phase of the aerosol
by ionizing radiation.
Anisokinetic sampling:Aerosol sampling with an
aspirating probe such that the sampling velocity is
greater than or less than the free stream velocity.
Aspiration coefficient:Ratio of aerosol concentration
of sample to free stream aerosol concentration.Base conditions:The desired conditions associated with
volumetric flow rate in orifice calculationsand
free jet airflow system.In this study, base
pressure is 14.7 psia (76 cm Hg) and base
temperature is 70 F (21.1C).
Boltzmann charge equilibrium:An equilibrium bipolar
electrical charge on an aerosolas a result of the
random thermal motion of bipolar ions and the
frequent collisions of ions with particles.The
charge distribution at equilibrium is describedby
Boltzmann's law.
Brazetyte:A registered trade name of the Truly Tubular
Fitting Corporation that applies to stainlesssteel
tube fittings especially designed tomate with
actual tube OD sizes.
Cunningham correction factor:A correction to the law of
fluid-flow resistance for particles with sizeof the
order of the mean free path of the fluid molecules.
Filtration efficiency:The fraction of airborne
particulate reaching a filter surface whichis
collected by that filter, on eithera count or a
mass basis, as found by subtracting the penetrationfrom unity.It may be shown as a ratio or as a
percentage.Unless specified otherwise, efficiency
on a mass basis is to be assumed in this study.
Filter velocity:The "average" gas velocity approaching
afilter surface as found by dividing the total
volumetric flow rate through the filter by the total
filter cross-sectional area.It may be based on
actual or standard conditions, and the terms should
have consistent units.Also called superficial
velocity.
Free jet:An unbounded axisymetric, near sonic orsuper-
sonic jet of air discharging into quiescent air at
atmospheric pressure and room temperature.
Geometric mean diameter:The particle size at the 50th
percentile for a log-normal particle size
distribution.
Geometric standard deviation:The measure of dispersion
for a log-normal distribution, the ratio of the
84.13 percentile to the 50th percentile.
Isokinetic sampling:A sampling method for aerosols
whereby an aspirating sampling probe withdrawsaerosol such that the aerosol velocity at the
sampling probe inlet is carefully matched to the
free stream aerosol velocity, thereby eliminating
sampling bias due to inertial separation of
particles and gas at the sampling probe inlet.
Loq-normal distribution:A statistical frequency
distribution which is normal when plotted against
the natural log of the variable.
Mach number:Ratio of the flow speed to the local speed
of sound.
Magnehelic:A registered trade name of Dwyer
Instruments,Inc., that applies to their line of
diaphragm actuated precision gages thatare used to
indicate differential pressures of airor non-
corrosive gases.In this study, Magnehelic gages
measured differential pressures across the orifice
flow meters in the particle sampling systems and
pitot tube differential pressures.
Median:The 50th percentile demarkation fora
distribution.Monodisperse particle size distribution:A particle size
distribution with values overa narrow range such
that the sizes may be assumed to havea single,
common value (homogeneous).
Near sonic:Mach number equal to or greater than 0.6
but less than 1.0.
Normal shock:The discontinuity, roughly normal to the
flow direction that occurs with the sudden
retardation of a supersonic flownear the front of
an obstacle (in this study a sampling probe) in the
flow stream.
Nuclepore:A registered tradename of the Nuclepore
Corporation that applies to the unique membrane
produced by using a patented irradiation and etching
process on a polymer film.In the case of Nuclepore
membranes, the film is polycarbonate plastic, chosen
for its superior chemical resistance, thermal
stability, transparency and availability.
Particle size:The "size" of a dust particle represented
by the diameter of a circle whosearea is the same
as that of the actual particle as observed undera
microscope.Particle size distribution:The frequency of occurrence
of particles of various sizes in a sample.
Particulate:Any group of particles or dust carried by a
gas stream.
Particle stopping distance:The distance a particle
would travel before coming to rest if projected with
an initial velocity into a still fluid.Sometimes
called particle range.
Pesticide grade acetone:Acetone that has been
specially purified by a multi-step process that
includes distillation in all-glass equipment making
it suitable for pesticide residue analyses and the
determination of trace hydrocarbons.
Polvdisperse particle size distribution:A particle size
distribution with values over a wide range such that
a single value of size may not be assumed
(heterogeneous).
Potential core:Zone downstream of the exit of a
supersonic free jet where the free stream velocity
equals the nozzle exit velocity.In this study, thefree jet particle sampling probe inletswere placed
within the free jet potentialcore.
Probe wall effect:Errors (either over or underestimate)
in measuring the true mass concentrationof
particles in a flowing aerosol withan aspirating
probe even though the probe is properly alignedwith
the flow and isokinetic sampling ismaintained.
These errors can occur with "thick walled"sampling
probes when solid particlesmay rebound from the
leading edge or outer walls of the probe andbe
subsequently drawn in with the sample.
Probe blockage effect:A perturbation of the free stream
velocity in the vicinity of the sampling probeinlet
similar to the phenomenon which in this studyis
referred to as the probe wall effect.
Probe collection efficiency:Ratio of the measured
aerosol concentration using an aspiratingprobe to
the true aerosol concentration; also knownas the
aspiration coefficient.
Rayleigh limit:Maximum electrical charge on aerosol
particles before the particles become mechanically
unstable.Shadowqraph:The photograph obtained usinga supersonic
flow visualization technique that relieson change
in refractive index or light propagationspeed which
results from a change in gas densityacross shock
waves.
Smoke:Particulate matter in an aircraft turbine engine
exhaust that obscures the transmission of visible
light.
Smoke number (SN):A dimensionless term used for
quantifying aircraft turbine engine smoke emissions;
its magnitude is related to the opticalreflectivity
of collected particles relative to the optical
reflectivity of a clean filter.
Stagnation conditions:The maximum pressure or
temperature a fluid (in this study air) could attain
if brought to rest without the action ofany viscous
forces.Sometimes called the totalpressure or
temperature.
Standard conditions:The condition where the pressure is
14.7 psia (76 cm Hg) and the temperature is60 F
(15.6 C).Stokes number:A dimensionless particle inertial
parameter that is the ratio between the particle
stopping distance and the diameter ofthe sampling
probe.
Subisokinetic sampling:Aerosol sampling with an
aspirating probe such that the samplingvelocity is
less than the free stream velocity.
Submicrometer particles:Particles with diameters less
than 1 micrometer.A related term, fine particles,
includes submicrometer particles andparticles with
diameters up to 10 micrometers.
Supersonic:Mach number greater than 1.0.
Superisokinetic sampling:Aerosol sampling with an
aspirating probe such that the samplingvelocity is
greater than the free stream velocity.SAMPLING SUBMICROMETER PARTICLES
SUSPENDED IN NEAR SONIC AND
SUPERSONIC FREE JETS OF AIR
INTRODUCTION
The Problem
Fine particles, those with diametersof 10 microme-
ters or less, are receiving increasingattention as a
major air pollutant.It is well known, for instance,
that many of the undesirable effectsassociated with
particulate air pollutants, suchas the effect on human
health and atmospheric visibility,are due mainly to fine
particles.The control of fine particles, therefore,is
an important part of the problem of particulateair
pollution control.
Aircraft turbine engine operation isa source of
fine particles that is of specialconcern to the military
and civilian aviation community.The awareness of air
pollutant emissions from aircraft developedin the late
1950's with the introduction intoservice of turbine
engine aircraft.Visible exhaust plumes from turbojet
engines and increased levels of exhaustodors at airports
gave rise to complaints against these perceptiblemani-
festations of aircraft emissions.These complaints
stimulated investigation into thenature and extent of
aircraft emissions.Considering these studies, the2
United States Environmental ProtectionAgency (EPA)
determined that the magnitude of aircraftemissions was
sufficient to warrant promulgation ofemission standards
for aircraft and aircraft engines (1).
In 1968, the Society of Automotive Engineersformed
a committee on aircraft exhaust emissionsmeasurement
whose charge was the development ofacceptable standards
of measurement for the characterizationof aircraft
engine exhaust.The first order of prioritywas the
measurement of smoke which by definition is the
particulate matter in the engine exhaustthat obscures
the transmission of light (i.e. mainlyfine particles).
The result was the issuance ofAerospace Recommended
Practice ARP 1179, "Aircraft Gas TurbineEngine Exhaust
Smoke Measurement" (2).This recommended practice has in
large part been adopted by the EPA.The method provides
a relative index of smoke emissions called smokenumber
(SN) according to the following equation:
SN= 100 [1-(Rs/Rw)] (1)
Rs= sample reflectance
Rw = clean filter reflectance
The procedure used for determiningsmoke number
involves passing a known mass of engineexhaust gas
through a filter and measuring theoptical reflectivity
of the collected particles.Dividing this result by the3
clean filter reflectance yieldsa dimensionless term used
for quantifying aircraft engine smokeemissions.
Thus, smoke number is an indicator ofthe relative
visibility of the exhaustgas.The difficulty in at-
tempting to use this procedureas a measure of particu-
late mass emitted is that the reflectivityis largely a
function of the relative size of the particlescollected,
and may not necessarily be related inany discrete manner
to the total mass of the sample.Champagne (3), for
example, reports that the smoke numberindex can be
identical for two particulate emissionsamples that
differ in total mass by a factor ofas much as two.
The EPA ambient air quality standardsfor particu-
late matter (4) are specified in units ofmass per unit
volume of air.Therefore, atmospheric dispersion models
used to assess the impact of aircraft engineoperations
on ambient air quality require operating time weighted
mass emission rates which consider each of the pertinent
engine operating modes.
Currently, the usual procedure is to estimatemass
emission rates from smoke number data usinga smoke
number-mass emission correlation suchas suggested by
Champagne (3) or Finch (5).A direct mass measurement of
engine particulate emissions would providea more accu-
rate assessment of the gas turbine enginecontribution to
ambient air concentrations.The development of measure-4
ment techniques for particulate emissions fromaircraft
turbine engines was considered by Johansenand Kumm (6).
They employed the classical aspiratingprobe method to
obtain an aliquot of the engine exhaustfor analysis.
Their recommendations included thefollowing:
It is recommended that the sampling
apparatus developed in this program
be used for additional research to
attempt to correlate particulate
emissions with smoke number and to
relate this data to ambient air
quality standards.This would enable
further testing to study the effects
of non-isokinetic sampling (and its
effect on probe sampling efficiency),
dilution, ambient dust ingested at
the engine inlet, stratification of
particulate concentrations in the
engine exhaust plane, non-constant
particulate emission rates, and
particle size distribution.
Concern with current gas turbine engine particle
sampling technology was also expressed bythe Coordi-
nating Research Council, Inc., which conducteda coopera-
tive experimental program (7) tocompare the results of
several methods used to determine theamount and composi-
tion of particulate materials at the exhaustof a turbine
engine.Nine participants from industry,government and
military were included.Their conclusion was:
Results of this program do not leadto many
well-defined conclusions.Repeatability of the
methods employed certainly is notas good as
desired, but there is no way to tell what
repeatability is reasonably attainable in5
practice.Likewise, agreement among the dif-
ferent methods is not as good as desired, but,
again, there is no reliable way to determine
why the methods do not agreeor how well they
can reasonably be expected to agree.
There is one firm conclusion possible, however.
Particulate measurement is stillan art.In
all the methods, a considerable amount ofthe
measurement technique has not been quantified
and the results in each case dependon the
skill, patience and undocumented knowledge of
the operator.
It is almost a certainty that aspirating probes will
be an integral part of gas turbine exhaustsampling
systems for many years, regardless of the analytical
instrumentation and methods used for determining the
pollutant character in the extracted sample.In view of
the dissatisfaction with currently employed aircraft
engine exhaust particle sampling methods, itwas apparent
that related fundamental research was required.
Statement of Purpose
Motivated by the demonstrated need to improve the
accuracy of aircraft engine fine particle mass emission
measurements, this experimental investigationwas intend-
ed to examine certain parameters which would likely
influence representative extractive sampling of sub-
micrometer particles suspended in high speed flows.No
attempt was made to simulate the chemical compositionor
temperature of a gas turbine engine exhaust, however the
use of submicrometer particles was important sinceno6
property of particles in a gas dominates theirdynamic
behavior more than size.Specifically, the primary
purpose of this study was to determine whetheror not
mismatches in the sampling velocity and thefree stream
velocity has a significant effecton the sampled aerosol
mass concentration when small bore aspirating probesare
used to extract submicrometer particles fromnear sonic
and supersonic free jets.Of secondary importance was
the effect of the sampling probe inlet wallthickness and
the effect of shock front passageon sample representa-
tiveness.
In conjunction with the specificpurposes of this
study, methods and/or procedureswere developed to accom-
plish the following:
1. Isokinetic sampling of submicrometer particles
in near sonic and supersonic free jets.
2. Generation of large quantities of uniformly
sized, spherical, electrically neutral sub-
micrometer particles.
3. Acceleration of submicrometer particles to
near sonic and supersonic velocities.
4.Determination of the size distribution of
submicrometer particles collectedon poly-
carbonate membrane filters.
5. Determination of the mass of the collected
aerosol particles.7
6. Shadowgraphs of sampling probes in supersonic
free jets.
Preliminary Comments
The most common and usually most importantreason
for sampling particles in gas streams isto determine the
mass concentration and/or size distribution of the parti-
cles as they exist in the free stream.In this case, the
sampling method is said to be representative whenthe
mass concentration and particle size distribution derived
from the sample is the same as the particlemass concen-
tration and particle size distribution in theundisturbed
flow.
The classical method for sampling particlessus-
pended in a gas stream uses an in-stream, front facing,
aspirating probe to extract an aliquot of the aerosol
flow.The particles are retained for subsequent labora-
tory analysis by passing the sampled volume througha
particle collection device.Although non-interferring,
remote monitoring systems usually basedon the optical
properties of the particles, may eventually be widely
employed, it is very likely that extractive sampling
methods will continue to be the reference techniquefor
characterizing particle emissions.
Particles may have sufficient inertia such that
particle motion may deviate from thegas flow streamline8
pattern in the vicinity of the sampling probe inlet.
Thus, the representative sampling of particle laden
streams may be influenced by such thingsas sampling
velocity, sampling nozzle shape, and probe alignment.
Fine particles, however, have generally not been consid-
ered in particle sampling studieson the presumption that
their behavior is essentially thesame as the gas in
which they are suspended.Thus, previous investigators
have dealt with relatively large particles and lowstream
velocities.
The conclusions of early investigators ledto
general guidelines for representative sampling of parti-
cles having diameters greater than three to five microme-
ters.Among these are the requirement for maintaininga
sampling velocity at the probe inlet which is equalto
the free stream velocity, a condition knownas isokinesis
or isokinetic sampling.The use of a front facing knife
edged probe aligned with the flow and havingan inlet
diameter not less than 6.35 mm is alsoa practice recom-
mended to preclude sample biasing at the sampling nozzle
inlet.
These guidelines are sufficient to permitrepresen-
tative results in the majority of particle sampling
situations.However, in recent years there has beenan
increasing requirement for obtaining representative
results in sampling environments thatare significantly9
different from those for which thesampling guidelines
were developed.The sampling of stratospheric particles
with probes mounted on high speedaircraft and sampling
smoke emissions at the exhaust plane ofan aircraft gas
turbine engine or a solid rocketmotor nozzle, are exam-
ples where submicrometer particles insonic and super-
sonic flows are encountered.In these situations it is
often impractical to sample isokineticallywith a large
bore probe (i.e. Dp > 6.35mm.)because of the large
volume of sample gas which must be handled.Consequent-
ly, the presumption of faithful flowfollowing particles
is made, and sampling is performedsub-isokinetically
with probe bores as smallas 1.0mm diameter.The present
study attempts to provide additional guidancefor the
case of such particles in high speed flows.
Limitations
In this experimental study, spherical, essentially
monodispersed, submicrometer particleswere generated,
accelerated through a jet nozzle and then sampledin the
free jet.The most direct application of these results
is in sampling methodology for aircraftturbine engine
particle emissions.There are, however, certain incom-
plete parallels.The most obvious is that the experimen-
tal apparatus was not a combustionsource of particles,
thus any high temperature effects other thanmere gas10
density corrections cannot be derivedfrom the data.In
addition, smoke particlesare not spherical but lacy
carbonaceous agglomerates (8, 9), however,they do have
aerodynamic equivalent diameters whichdefine their
dynamic behavior as spheres.Stockham (8) found parti-
cles at the exhaust plane ofa J57 engine operating at
75% normal power to havemass median diameter (MMD) of
0.11 pm with a geometric standarddeviation of 1.63.
Johansen and Kumm (6) found particleswith a MMD of 0.3
to 0.5 pm in the exhaust of a TPE 331 turbopropengine.
The present study used 0.8Am diameter particles.
Since the most dramatic inertial effectsoccur at
high velocity, only theupper range of gas turbine engine
exhaust velocities were considered.Free jet velocities
ranged from Mach 0.6 to Mach 1.47.This compares with
maximum gas turbine enginesea level exhaust velocity
values of from Mach 1.27 (10) to Mach1.39 (11).Higher
exhaust velocities are possible whenengines are operated
at altitude conditions.Although of minor importance
compared with particle size and velocity,it was desir-
able to experimentally generatean aerosol concentration
that was within the range typically foundin gas turbine
engine exhausts.
Most aircraft particulate emissionmeasurements have
been concerned with particulatematter on a dry basis
(12); that is, with the liquid dropletsremoved from the11
sample stream or with the sampling andcollecting system
maintained at a sufficiently elevatedtemperature to
avoid any vapor condensation.Current ranges of turbine
engine exhaust particulate concentrations(dry basis) are
listed in Table 1.In the present study, aerosolconcen-
trations ranged from 1.5 to 10.4 mg/m3.
Table 1.Current Ranges of Aircraft
Engine Exhaust Particulate
Emission Concentrations (12).
Engine Operation
IdleApproachCruise Take-off
Dry Particulates 0-2005-150 6-60 2-150
(mg/m3)
To evaluate and characterize particulate emissions
from aircraft gas turbine engines,proven methods must be
used to obtain representative samples.It was expected
that the confidence in such sampling methodswould be
significantly improved by the results of thisinvestiga-
tion.The study employed small bore, frontfacing,
aspirating probes to obtain samples ofsubmicrometer
particles suspended in near sonic and supersonicfree air
jets.The work was not an attempt to developa sampler
or sampling method to use in the discharge environment of
a gas turbine engine.However, the experimental results12
provide fundamental data to evaluate the effect ofaniso-
kinetic sampling in high speed flowsas well as pio-
neering information concerning the representativeness of
particulate sampling in supersonic free jets.
Comments on Dimensional Units
There is a complicated mixture of units in the
various disciplines associated with theprocesses and
applications of aerosol sampling, and it is notuncommon
to see units of feet per minute and micrometers in the
same report.Also, in the present report, available
instrumentation resulted in data being recorded with such
units as inches of water, grams, inches and micrometers.
To try to reduce the seriousness of the problem,a list
of appropriate conversion factors is given below:
1 ft = 30.5 cm
1 ft/min = 0.058 cm/sec
1 ft3/min = 472. cm3/sec
1 gm/ft3 = 3.53(10)-5gm/cm3
1 in = 2.54 cm
1 in2 = 6.45 cm2
1 in3 = 16.4 cm3
1 in H2O = 0.187 cm Hg
1 Lbf/in2 = 5.17 cm Hg
1 Lbm = 454. gm
1 Lbm/ft3 = 0.0160 gm/cm3
F = 32 + (9/5) C
R = 460 + F13
LITERATURE REVIEW
Representative Sampling of Aerosols
The primary requirement in aerosolsampling is the
representativeness of the sample; the samplemust be
correct with respect to particleconcentration, particle
size distribution, chemical composition,etc.In prac-
tice, two substantially differentcases of sampling are
encountered--from flowing and fromstationary aerosols.
The present discussion is restrictedto the former case--
the sampling of aerosols flowingthrough pipes, gas
ducts, nozzles, etc.as well as atmospheric aerosols in
the presence of wind.In addition, we are concerned with
"classical" sampling methods througha sampling probe
which is front facing and aligned withthe gas flow.
To assure the acquisition of representativeaerosol
samples, isokinetic sampling is usuallyrequired.Iso-
kinetic sampling is definedas the situation where the
gaseous sample is withdrawn at the same velocityas the
gas stream at the point of sampling (Figure 1-a).The
concept of isokinetic sampling isgermane to this inves-
tigation and demands a thorough description.
If the velocity at the sampling nozzleinlet does
not match that of the gas stream,an erroneous sample isV
Gas
Streamline
Nozzle
Inlet
a. Isokinetic b. Sampling Velocity c. Sampling Velocity Sampling. too High. too Low.
Figure 1.Gas flow patterns at thesampling nozzle inlet.15
collected as a result of particleinertia.When the
sampling velocity is less than thegas stream velocity
(Figure 1-c), part of the approachingstream is de-
flected.The light particles tend to followgas stream-
lines and do not enter the probe, butheavier particles,
due to their inertia, continue alongtheir previous path
and enter the nozzle.As a result, a high proportion of
the heavier particlesare sampled and the total particle
mass is therefore greater than expected.On the other
hand, if the sampling velocity isgreater than the main
stream velocity, (Figure 1-b), thegas stream will con-
verge towards the nozzle inlet carrying the lighter
particles into the nozzle.The heavier particles will
tend to continue along their originalpath because of
their greater inertia and thus missthe nozzle.The
collected sample will containa relative excess of the
lighter particles and the particlemass will be in error
on the low side.
Recommendations for isokinetic sampling date backto
1911 when Brady and Touzalin (13) mademeasurements with
coal dust.Numerous articles have appeared since, but
the major emphasis has beenon relatively large particles
(>3 pM) and on the incompressible(< Mach 0.3) flow
regime.Other authors have made thesame observation
(14) (15).Therefore, this review is limited to themost
significant incompressible results anda discussion of16
factors relating them to the experimentalprogram.
Early investigators (1930's 40's, 50's)realized
that a number of conditions must be fulfilledin order to
insure representative aerosol samples.The requirements
for isokinesis has already been mentioned.In addition,
Hemeon and Haines (16) determined that the axisof the
sampling probe should be parallel to the flowlines in a
duct, otherwise the aerosol concentration(C) in the
sample would be less than in the duct (Co) andthe aspi-
ration coefficient (C/Co) would be less than1.Particle
inertia is again the culprit; sampling probemisalignment
causes selective withdrawal of smaller particles without
as many of the larger particles as are actually present.
Studies (17) (18) using sampling probes withinlet
nozzles having thick walls and obtuse edgesdemonstrated
a narrow ring-like stagnant zone in front of the probe
inlet wall which could only be penetrated byparticles
with sufficient inertia resulting inan increase of the
aspiration coefficient.Thus, a third condition was
added:the walls of the sampling probe inlet shouldbe
infinitely thin.The nearest practical approach to this
is that of thin tubing ground toa knife-edge at a small
cone angle.In addition to the above mentioned
conditions, some authors (19) (20) suggesta lower limit
of 6.3 mm for the sampling nozzle inlet diameter.17
For practical purposes in incompressible flows, it
is relatively easy to satisfactorily obtain the condi-
tions for probe size, shape, and alignment; however,
strict isokinesis is difficult to maintain.In addition,
an isokinetic sampler is of necessity much more complex,
expensive and difficult to operate thanone that does not
need to follow the gas flow velocity; thus anisokinetic
sampling is desirable if the resultingerrors are small
or can adequately be estimated.Therefore, it is
necessary to know what error results from a given
mismatch in free stream (U0) and sampling velocity (U).
This question has been studied both theoretically and
experimentally.
Effect of Anisokinetic Sampling
Historically, experimental investigations concerning
anisokinetic sampling have dealt with relatively large
particles (greater than 4 Am diameter) and low veloci-
ties.Some of these studies have resulted in generalized
empirical expressions to fit the experimental data.
Parker (15) uses the Stokes number (K)as an approximate
but convenient guide to indicate when isokinetic sampling
is necessary.Based on an examination of theoretical and
experimental deposition studies, Parker (15) suggests
that isokinetic sampling is required if:18
0.05 <K = (ppdp2U0Cs)/(18 ygDp)<50 (2)
where:
K =
Cs =
U0 =
Pp =
dp =
ug =
Dp =
Stokes number
Cunningham slip-flow correction
ambient flow velocity along with
the flow line passing through the
axis of the probe.
particle density
particle diameter
gas viscosity
diameter of sampling probe inlet
(inside diameter)
Voloshchuck and Levin (21) made theoretical calcula-
tions and found that the approximate formulafor the
aspiration coefficient (A) could be written in theform:
A = C/Co = 1 + [(Uo/U) -1] 13(K) (3)
where:
C = aerosol concentration of sample
Co= aerosol concentration free stream
U = mean flow velocity at probe inlet
U0= ambient flow velocity along the flow line
passing through the axis of the probe
13(K) = Stokes number function19
Other authors have correlated their experimental
data using the form of Equation 3 with differentexpres-
sions for B(K).Zenker, as reported by Fuchs (22),sam-
pled vertical air streams containing sphericalglass
beads or limestone dust with particle diametersfrom 7 to
73 pm.For Stokes numbers between 0.06 and 14 and values
of U/Uo between 0.4 and 2.5, B(K)was found to be:
B(K) = 1 - N (4)
where:
N = dimensionless coefficient depending onlyon the
Stokes number.
Davies, as reported by Belyaev and Levin (23),
suggests the following formula:
B(K) = 1 - [1/(1+4K)] (5)
Belyaev and Levin (23) used the same formas Equa-
tion 5 to correlate their data.They employed flash
illumination to study the aspirationprocess for willow
pollen (aerodynamic diameter 24 Am) and Lycopodiumspores
(aerodynamic diameter 17 pm) near a sampling probe inlet.
The sampling errors were determined from the limiting
trajectories of particles entering the sampling nozzle.20
For probes with very thin (0.1 millimeter) walls their
results were accurately approximated by:
B(K) = 1 - [1/(1 + BK)]
where:
B = 2 + 0.62 (U/Uo)
Equations 6 and 7 are applicable for U/Uo between
0.18 and 6.0 and a Stokes number between 0.18 and 2.03.
Rader and Marple (24) conducted a numerical investi-
gation of sampling bias through cylindrical probes for
both isokinetic and anisokinetic conditions for thin-and
thick-walled probes.Based on a dimensional analysis of
the problem and on the assumptions of a physical model,
five dimensionless groups, Re, U/Uo, D/Dp, K, and
p/(ppCs) are identified that specify the aspiration
coefficient, A.Previously undefined terms are:
D = outside diameter of sampling probe
Re = tube Reynolds number = (pDp U) /µg
p = fluid density
p/(ppCs) = slip-modified density ratio
The tube Reynolds number and the slip-modified
density ratio were shown to have only a minor influence
in determining A.Using the remaining groups--velocity
ratio, diameter ratio, and the Stokes number--Rader and
Marple (24) calculated results that were in good21
agreement with the experimental data of others suchas
Belyaev and Levin (23) and Martone et al (25).
The results of these relativelyrecent authors
suggest that anisokinetic sampling errors might be sig-
nificant even for submicrometer particles ifsampled in
high speed air flows with small bore probes.The errors
predicted by these expressions are greater thanwould be
predicted by the empirical relationships presentedin the
often cited, but considerably older, workof Badzioch
(26) and Watson (27).
In a supersonic flow, a shock front would be located
either at the bow of, attached to,or swallowed in, the
aspirating probe. There apparently have beenno experi-
mental studies to determine anisokinetic samplingerrors
when using aspirating probes for sampling supersonicdust
laden gases.Parker (15) briefly acknowledges the
problem; he states that:
isokinetic sampling in a unity Mach number flow
appears theoretically impossible unless the interior
of the probe tapers to allow subsonic diffusionto
occur; furthermore, shock wave systems which form
around the probe at these conditions give added
complexities to sampling.
Recently, Forney and McGregor (28) theoretically
considered the collection efficiency ofa thin-walled
cylindrical probe sampling nondiffusing particles oflow
concentration suspended in a supersonic stream.It was22
demonstrated that the probe capture efficiency is influ-
enced by particle inertia, departures from Stokes drag,
gas compressibility, and the probe ingestion rate.By
defining an effective Stokes number in terms of the
particle stopping distance downstream of the shock, which
includes the effects of non-Stokesian drag and slip flow;
and rescaling the Stokes number with the shock detachment
distance, the reduced probe collection efficiencywas
shown to be correlated with a single universalcurve
(Figure 2).This similarity parameter should be useful
in attempts to correlate the particle deposition forany
geometry in a supersonic stream.Both of the most recent
publications cited above, Rader and Marple (24) and
Forney and McGregor (28), cite the published version of
this work, Martone et al (25) as unique for its experi-
mental consideration of subisokinetic sampling from near-
sonic and supersonic flows.
Effect of Nozzle Shape
Sampling nozzle configuration has an effect on the
accuracy of particulate sampling by affecting the pattern
of gas flow streamlines.The ideal shape is a probe with
infinitely thin walls.The nearest practical approach to
this, according to Parker (15), is that of thin tubing
ground to a knife-edge at a small cone angle.Whiteley
and Reed (17) evaluated several different types of probesEp
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by simultaneous sampling ina dust chamber using coal fly
ash from a precipitator and found that blunt-edgeprobes
produce significant errors and that sharp edgedprobes of
various probe angles produce essentiallyequivalent
results.Walter, however, as reported by Parker (15),
observed that a thick walled tube, althoughground to a
knife-edge, produced distortion of the streamlinesand
gave low and erratic values for concentration whensam-
pling in a dust-laden atmosphere.Dennis and Samples
(18) investigated the flow characteristics of fivedif-
ferent probe shapes and found results similarto Whiteley
and Reed (17).
As part of their numerical investigation of sampling
bias, Rader and Marple (24) consideredthick-walled
probes and found that: (1)even isokinetic sampling does
not ensure a representative sample, (2) probe thickness
plays a minor role for superisokinetic sampling(i.e.
U/U0 > 1), and (3) for subisokineticsampling, a thick-
walled probe may actually providea sampling efficiency
that is closer to unity than a thin-walledprobe.
Effect of Probe Alignment
It is necessary to align the probe in the direction
of the incoming gas stream in order to obtaina represen-
tative sample of the particulate materialspresent.
Misalignment of the probe causes selective withdrawalof25
smaller particles without asmany of the larger particles
as are actually present; hence, an error in measurement.
Work by the National Council for Air andStream Improve-
ment (29) as reported by Cooper and Rossano (30)recom-
mends permitting a maximumerror of plus or minus five
degrees in probe alignment with the direction ofthe gas
stream.The sampling probes in this studywere properly
aligned with the flow for all tests; in otherwords, the
effect of probe alignment was not studied.
Effect of Nozzle Size
There is a suggested lower limit to the diameterof
sampling nozzles used in particulate determinationsfor
two reasons.First, systematic error is introduced by
selectively excluding large particles becauseof inade-
quate cross-sectional area.Second, the volume of the
source gas sampled per unit time decreases by the 1.5
power as the nozzle cross sectional area decreases, thus
tending to magnify any randomerrors.The ASME (19) and
Los Angeles County (20) recommenda minimum sampling
nozzle of 6.3 mm diameter.Cooper and Rossano (30) note
that Hemeon and Haines (16) found that forsmall size
particles (5 to 25 micrometers) therewas no significant
difference between nozzle inlet diameters of3.2, 6.3,
and 9.5 mm.On the other hand, they (30) also report
studies by Miller et al (31) in which consecutivesamples26
from a waste wood fired boilerwere taken using 4.8, 6.3
and 9.5 mm diameter sampling nozzles;particulate
concentrations measured when using the4.8 mm diameter
nozzle were substantially belowthat of the other two
sizes.27
Experimental Design Considerations
Free Jet Air Flow System
This project requireda high speed air flow appara-
tus to accelerate the monodispersetest particles to the
desired subsonic and supersonic Machnumbers without
producing a significant slip velocitybetween the parti-
cles and the air.Ideally, the flow apparatus couldnot
limit the system run time and,more importantly, could
not produce any flow irregularitiesthat would signifi-
cantly alter the homogeneity andparticle morphology of
the generated aerosol.In addition, the flow system had
to be supplied with relatively particlefree, dry air to
minimize interference by particleswhich might result
from system contamination (i.e.,oil etc.)or condensa-
tion of water vapor.
Early in the program itwas decided that an open
free jet was the easiest andmost economical type of test
section to construct that wouldhopefully meet the
requirements outlined above.Also, an unbounded air jet
would more closely simulate the flowcondition at the
discharge plane of an aircraft jetengine than would a
two dimensional test section with solidwalls.It was28
also decided to build the free jetapparatus at the
National Aeronautics and SpaceAdministration Ames
Research Center because they hada wind tunnel quality
air supply that would not restrictexpected experimental
run times and, equally important, the expertiseto
oversee the design, assembly, calibration and safe
operation of the required equipment.
The air supply system at Ameswas known to be dry
(i.e., <1 ppm water vapor); windtunnels using the same
air operate at up to Mach 3.5 withoutcondensation prob-
lems.Also, the air supply was assumed quitefree of
particles greater than 0.1 micrometerdiameter.This
assumption is based on the experienceof laser anemometry
research where it isnecessary to seed the air supply
with 0.1 to 1.0 micrometer diameterparticles to obtain a
sufficient number of signals duringvelocity measure-
ments.In any case, the background particle levelsin
the air supply were to be determinedexperimentally.
With regard to the effect of thetest particles on
the performance of the flow system,the following condi-
tions were expected basedon information contained in the
literature (32) (33) (34)(35) (36) and personal communi-
cation (37) with Dr. S. L. Soo.First, the effect of the
particles on the gas dynamics of nozzleflow would be
negligible for the particle sizes,mass concentrations
and temperatures involved in thisproject.In other29
words, all the equations usedto predict mass flows
through the flow nozzles, exit Machnumbers, and free jet
thermodynamic conditions would not needto be modified to
account for the presence of particles.Furthermore,
reference experimental data concerningthe physical
dimensions, velocity character, andturbulence levels of
particle free unbounded jetswere, for the most part,
assumed as applicable for this study.In addition, the
velocity lag (i.e., particle slip velocity)would be very
small for nozzles ofany substantial length.Also, it
was not expected that particle depositionon the flow
nozzle walls would bea serious problem.A uniform
particle mass concentration distributionat the nozzle
exit plane was not assumed anda sampling traverse was
necessary to determine the particle mass concentration
profile.
Another important general feature of theflow system
is that it was, in all regards,axisymmetric.For exam-
ple, the region upstream of the flownozzles (i.e.,
settling chamber) was a cylinder and thetest particles
were introduced on a centerline in a manner whichpro-
vided thorough mixing.The flow nozzles themselveswere
three dimensional designs which producedaxisymmetric,
parallel, uniform flow at the nozzle exitplane.Both of
these matters are discussed inmore detail in the next
chapter.30
When the experimental approachwas formulated there
was some concern about the interaction ofexpansion waves
when a shock free supersonicstream of gas emerges from a
nozzle into a free space and how thisinteraction might
influence the experimental results.Upon further exami-
nation of the character of axisymmetricfree jets it
became evident that the best placeto sample was in a
region upstream of any expansionwave interaction; the
so-called potential core of the jet.The potential core
is a region near the nozzle exit inwhich the velocity is
equal to the discharge velocity.It extends for a defi-
nite distance from the nozzle exit;on the order of one
nozzle diameter downstream.
Figure 3(38) shows, for the two dimensionalcase,
the interaction of two expansionwaves when a shock free
supersonic stream of gas emerges froma duct into a free
space.Table 2 (38) presents the various Machnumbers
corresponding to the states of thegas in the jet shown
in the figure.Figure 3.Expansion wave interaction in a two-dimensional supersonic gas jet.32
Table 2.Mach numbers corresponding to thestates of
the gas in a supersonic free jet.
StateMach StateMachStateMach StateMach
No. No. No. No.
1 1.50 10 2.01 19 2.275 28 1.89
2 1.65 11 2.115 20 2.105 29 1.79
3 1.75 12 2.225 21 1.95 30 1.69
4 1.85 13 2.225 22 2.055 31 1.95
5 1.95 14 2.34 23 2.16 32 1.795
6 1.80 15 2.455 24 1.995 33 1.695
7 1.905 16 1.95 25 1.89 34 1.595
8 2.01 17 2.06 26 1.95 35 1.50
9 2.11 18 2.165 27 2.055
Aerosol Sampling Systems
The aerosol sampling systemsconsisted of an
aspirating probe to withdrawan aerosol sample, a filter
membrane to collect aerosol particles,a prime mover
(i.e., oiless rotaryvane vacuum pump) to establish the
desired sampling rate, anda calibrated orifice meter to
measure the sampling rate.
During the supersonic sampling experimentsthe
sampled aerosol would be deceleratedto subsonic veloci-
ties.This would occur as a normal shocklocated either
in front of the sampling probe (bowshock), at the probe
inlet (attached shock),or within the sampling probe
(swallowed shock).One of the objectives of this study
was to determine the effect of shock front locationon
the representativeness of the sample.In order to study
the conditions of an attached shockand a swallowed
shock, the supersonic sampling probe hadto be designed33
with a supersonic inlet (i.e.,supersonic diffuser).The
program proposal suggested a tapered convergentprobe
inlet to allow subsonic diffusionto occur.However,
further investigation revealed thatinternal supersonic
deceleration in a convergingpassage is not easy to
establish.In fact, design conditions cannot beachieved
without momentarily overspeeding theinlet air or varying
the probe geometry (39).This, clearly, is not a desir-
able feature for a particle samplingprobe inlet.Fortu-
nately, this starting problemcan be avoided altogether
by using a simple divergent inlet.In this case, with
sufficiently low back pressure, it ispossible to accel-
erate the internal flow within thedivergent portion of
the sampling probe before deceleratingit in a shock
(39).Figure 4 depicts the various possibilitiesfor
shock front location relative toa probe tip situated in
supersonic flow (40).
During individual tests, generatedaerosol was col-
lected on Nuclepore filters; the filterswere analyzed to
determine the mass concentration andparticle size dis-
tribution of the retained particles.
Nuclepore filters were chosen foruse in this study
because their performanceas a fine particle collection
media and in electron microscopicanalysis has been well
documented by Augustine (41).In comparing the poly-
carbonate plastic film Nuclepore filterswith fiberMt >I Approximate
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Figure 4. Four supersonic inlet flowconfigurations.35
filters, Augustine (41) notes thatthe flow rate through
Nuclepore filters is approximatelyfour times that
through a fiber filter of comparablepore size.Nucle-
pore filters also make an excellent substratefor elec-
tron microscopy and are fairlyeasy to prepare for
microscopic examination.Nuclepore filters do have
poorer particle retention characteristics thanfiber
filters but their efficiency isquantifiable, removing
much of the disadvantage (41).
Based on Augustine's (41) analysisof Nuclepore
filter collection efficiencies,filters with a nominal
pore diameter of 0.4 1.4m would insure essentiallya 100%
sampling efficiency for the particlesize examined in
this work.The use of 142 mm diameter filterswould
allow filter face velocitiesto be maintained in the
optimum collection efficiencyrange of between 20 and 40
cm/sec (42).36
Aerosol Generation
This program requiredan aerosol generator that
could produce large numbers ofspherical, monodisperse,
electrically neutral, particles.The particle size
output of the generator had to bebetween 0.1 and 1.0
micrometer diameter and the generatorhad to be con-
structed to permit operation atpressures up to 50 psig
and hydrostatic testing at 225 psig.
The aerosol generator selectionwas a major effort
during the design phase of theprogram.The use of Dow
polystyrene latex spheres was rejectedmostly because the
extreme hydrosol dilution required to achievemono-
dispersity would have resulted ina very low particle
concentration.Several aerosol generation methodswere
rejected either because theywere too new to be con-
sidered reliable (e.g. fluidized bed)or involved the
construction of intricate and/or expensiveequipment
(e.g. transpiration cooled anode operatedin a high
intensity arc).Certain commercially available units
were rejected because they were not constructedto dis-
charge an aerosol atpressures much above atmospheric
pressure.
After evaluating the literature, makinga survey of
commercially available equipment, andconsidering the
recommendations of experts (43) (44) (45),it was decided
to employ an aerosol generator whose operationwas based37
on successive evaporation and recondensationof the
aerosol material.Credit for the development of this
type of generator is generally givento Sinclair and
LaMer (46) and/or Rapaport andWeinstock (47), subse-
quently several authors havedescribed slightly modified
and improved versions of theoriginal design (48) (49)
(50) (51) (52).In this program the aerosol generatoris
referred to as a LaMer typegenerator.
The LaMer generator producesmonodisperse liquid
droplets or solid particles bycontrolled condensation of
vapor upon nuclei.In the earliest versionsa liquid was
evaporated and condensation nucleiwere produced sepa-
rately and added to thevapor.In recently used versions
a liquid containing a nucleating agent isatomized and
passed through an electric heatingzone where the poly-
disperse droplets evaporate.Since the liquid is inten-
tionally not perfectlypure, a small residue remains
which later serves as condensationnuclei.As soon as
the vapor becomes supersaturatedin the condensation
zone, an equal amount of liquid is formed aroundall
nuclei thus yielding droplets of equalsize.The volume
of the droplet is approximatelyproportional to the ratio
of the amount of liquidper cubic centimeter to the
number of condensation nucleiper cubic centimeter.This
ratio can be varied by changingthe size distribution of
the initial aerosol (52).38
In this study, anthracenewas used as the nucleating
agent.The use of anthracene for thispurpose was ini-
tially suggested by Preining(51) and, more recently, has
been used by Tomaides et al.(49) to improve the perfor-
mance of LaMer type generators.Anthracene was used
because it has a considerablyhigher melting point
(217C) than the correspondingaerosol material (e.g.
stearic acid, m.p.= 69C).Therefore, it provided a
source of stable nuclei on which thevaporized aerosol
material could condense whencooled.
In theory, as described above,the ultimate particle
size produced by the LaMergenerator depends on the
amount of vapor available forcondensation relative to
the number of condensationnuclei.In practice, Tomaides
et al. (49) report no significantdifference in the
quality of dioctyl phthalate(DOP) or di-2-ethylhexyl
phthalate (DEP) aerosols when theanthracene concentra-
tion was changed between 0.1and 1 gm/1.Thus,
experimentally, a convenient methodto alter the
vapor/nuclei ratio is to changethe size distribution of
the initial aerosol.A common method for doing this is
to dilute the liquid in the atomizerwith an easily
evaporated solvent (e.g. alcohol).This was not
desirable in this program becausethe solvent might have
condensed in the supersonic testsection.39
Tomaides et al. (49) reports thataerosols produced
by condensation generatorscan be electrically charged.
This is undesirable becausea significant electrical
charge on the particles greatly influencesaerosol behav-
ior.Charge can affect the penetration ofan aerosol
through a filter, its depositionon surfaces, the effi-
ciency of a sampler, and the concentrationprofile of an
aerosol passing througha duct or nozzle.Since the
behavior of electrically chargedparticles was not of
interest in this study, itwas decided to include an
aerosol charge neutralizeras part of the aerosol gener-
ating system.The neutralizer brings the charged aerosol
to a Boltzmann charge equilibrium by mixingthe aerosol
with bipolar ions.The bipolar ions (i.e. a mixture of
positive and negative small ions)are conveniently gener-
ated in the gas phase of the aerosolby ionizing radia-
tion from radioactive materials.
The interest in an analytical methodspecific for
trace amounts of stearic acid materializedbecause of the
requirement to determine the amount ofstearic acid
collected on the Nuclepore filters anddeposited on the
sampling probe and filter housing wallsduring a test.A
simple gravimetric analysis alonewas ruled out because
of the small amount of expected sample(i.e., on the
order of micrograms).40
After a rather broad basedliterature search for
quantitative analysis methods fortrace amounts of non-
volatile organic acids, itwas discovered that a gas
chromatographic techniquewas routinely used by personnel
in the Agricultural ChemistryDepartment at Oregon State
University.Basically, the method involves gettingthe
stearic acid into solution by washing,for example, the
Nuclepore filters or sampling probeswith a suitable
solvent, quantitatively convertingthe stearic acid to
its methylester, and analyzingthe resulting solution
using a gas chromatograph equippedwith an ethylene
glycol succinate column anda flame ionization detector.
The method would easily accommodatewashings that con-
tained as little as 0.1 microgram ofstearic acid.This
is discussed more thoroughly inthe next chapter and in
Appendix D.
Particle Deposition
So far the problem of particle depositionin the
sampling train has not been addressed.This possibility
did not significantly affect thedetermination of the
mass concentration of the aerosol because thedeposit
could be recovered and addedto the main part of the
dispersed phase.Generally, particle deposition in the
sampling train could cause seriouserrors in determining
particle size when the sampled aerosolhas a polydisperse41
particle size distribution and theparticle deposition
mechanism(s) are size selective.In this work, however,
this difficulty was avoidedbecause the aerosol was
nearly monodisperse.
It did not appear apriori that particledeposition
would seriously affect samplingeffectiveness in the
present case.First, any deposition due to electrostatic
charge would be minimized becausethe generated aerosol
would initially be brought toa state of neutral charge
distribution and the use of plasticconstruction
materials was avoided.Diffusional deposition of
particles on the walls of the samplingprobe would be
negligible because, as calculated byFuchs (22), this
effect is only significant forparticles of nearly
molecular size.
Because the flow in the sampling systemwould be
strongly turbulent, inertial particledeposition on the
probe tip and sampling line walls couldbe significant.
Fuchs and Sutugin (53) for example,note that consider-
able deposition occurs in conicalsampling probes even in
the case of highly dispersed aerosols.Sehmel (54),
however, reports less than 1% depositionof particles
with diameters less than 3 micrometersin conical nozzles
used to sample gas flows isokineticallyat velocities up
to 45 ft/sec.Sehmel (55) also has shown that for fully
developed turbulent flow in straighttubing, 10 feet42
long, with diameters rangingfrom 0.6 to 1.15 inches and
flow rates up to 12 and 40 cfmrespectively, that parti-
cle deposition for 1Am particles is generally less than
0.1 percent.
Recently, Ivie et. al. (56)experimentally
considered internal wall depositioncharacteristics of
several different supersonicparticle probes.Using test
particles with diameters of1.0, 1.5, 2.0, and 2.5Am,
the average losseswere 14-22%.In general, deposition
increased with increasing particlesize.43
EXPERIMENTAL PROGRAM
Objective and Technical Approach
The basic objectivewas to examine the use of small
bore aspirating probes forrepresentative sampling of
submicrometer particles suspended innear sonic and
supersonic air flows.The experiments were designedto
independently evaluate the importanceof three factors
which may likely effect therepresentativeness of the
sample with regard to particlesize and mass concentra-
tion.First, the effect of varying theratio of probe
wall to bore area normalto the flow was studied innear
sonic free jets (i.e., probe walleffects).Next, the
effect of subisokinetic sampling innear sonic flows was
investigated.Finally, the effect of subisokinetic
sampling in supersonic flowswas determined.
The experimental approach to thisstudy was simple
in concept; submicrometer particles(dp = 0.8 tim, ag =
1.28) were injected intoan air stream and accelerated to
the desired velocity (Mach 0.6,0.8, 1.26 or 1.47)
through a sonic or supersonic nozzle.Experimental
probes were used to sample aerosolparticles at the free
jet exit while a conventional isokineticsampling probe
upstream of the nozzle was used to withdrawa sample
assumed to accurately represent thetrue aerosol concen-44
tration.Differences between the twoobservations re-
flected errors due to conditionsat the free jet sampling
probe inlet.Figures 5-8 illustrate theexperimental
equipment.
Free Jet Air Flow System
Clean, dry, oil-free air ata nominal pressure of
10.5 atm was delivered to theexperimental system.
Constant air flow was maintained bymanually controlling
the static pressure in the settlingchamber.Downstream
of the aerosol generator inletline the diluted aerosol
was passed through a wide angle diffuserand three 40
mesh screens to spread theflow and reduce turbulence.
The aerosol then traveledapproximately 0.76 m before
being sampled by the settlingchamber sampler and accel-
erated through the appropriate5.08 cm exit diameter flow
nozzle.The aerosol was exhaustedas a free jet into
still room air.The experimental sampling probeinlets
were placed 1.3 cm from the nozzle exit, wellwithin the
"potential core" where the jetvelocity is equal to
nozzle exit velocity.The location of the sampling
probes in the "potential core"was confirmed by 14 point
X-Y velocity traverses of the freejet at each Mach
number.The jet velocities, also measuredat 1.3 cm from
the nozzle exit, were for alltraverse points within two
percent of the maximum jet velocity.PRESSURE
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One subsonic and two supersonic axisymmetricflow
nozzles were designed and fabricated forthis study.The
subsonic nozzle design wasa standard ASME long-radius,
low-ratio type (57) while the supersonicnozzle contours
were generated by the computerized version ofa design
method due to Sims (58).The subsonic nozzle was used to
achieve exit Mach numbers of 0.6 and 0.8while the
properly expanded supersonic nozzlesproved to produce
exit Mach numbers of 1.26 and 1.47.The free jet air
flow system and flow nozzle design andperformance are
discussed more fully in AppendixA.
Aerosol Generation
The aerosol generator shown in Figure9, was a high-
volume (30-45 1/min) condensation unit.Stearic acid was
chosen as the aerosol material becauseit results in
nearly spherical particles.One tenth weight percent
anthracene was added to providea stable source of
condensation nuclei.
An aerosol charge neutralizer containinga 10 mCi
106Ru_106Rh beta radiation sourcewas used to bring the
aerosol to an equilibrium Boltzmanncharge distribution.
The neutralizer designwas based on guidelines presented
by Cooper and Reist (59).
Particles were collectedon 142 mm diameter, 0.4 AM
pore size, polycarbonate membrane filters (i.e.Nuclepore50
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Figure 9.High volume condensation aerosol generator.51
filters).To size particles, a small pieceof the filter
membrane was mounted ona cylindrical brass stud which
could be staged directlyinto a JSM-U3 scanning electron
microscope (SEM).The size of the particleswas
determined by direct counting ofthe particle imageson
the micrographs.A minimum of 100 particleswas counted
for each sample sizing.Figure 10 is a typical SEM
micrograph.
The average of 22 particlesize samples taken in the
free jet and the settlingchamber gave a geometricmean
particle diameter of 0.8pm (std. dev. 0.06) and a
geometric standard deviation,ag of 1.28 (std. dev.
0.04).The output of the condensationaerosol generator
was on the order of 106 particles/cm3.
Aerosol generator design andperformance are
discussed more thoroughly inAppendix A.Particle size
data are more fully treated inAppendix G.
Aerosol Sampling Systems
Both the free jet and settlingchamber samplers
employed front facing aspiratingprobes, polycarbonate
membrane filters, oilessrotary vane vacuum pumps, and
calibrated orifice meters. Themembrane filters were held
in specially constructed, doubleo-ring sealed, stainless
steel filter holders.Orifice meter calibrationover a
range from 0.014 to 0.85 standard m3/minwas accomplished52
Figure 10.Scanning electron micrograph of stearic
acid particles.53
by a method (60) involvingthe use of a saran bag witha
known volume.Figure 11 is a generalizedschematic of
the sampling systems.
The probe used to sampleisokinetically in the
settling chamber hada large bore (19.1 mm) and a low
cone angle (4°) to insure representativesampling.The
required isokinetic samplingrates were determined from
velocity data obtained during22 point X-Y pitot tube
traverses of the settling chamber.The settling chamber
sampling probe was accuratelylocated and held at the
site of velocity measurementsusing a scale on the
sampling probe and a lockableinsert fitting on the
settling chamber.Velocity profiles in the settling
chamber were very flat at alltest conditions.All
velocities, except within 2.54cm of the settling chamber
wall, were within 16% of themaximum velocity.The
average velocity in the settling chamberranged from 5.4
m/sec at Mach 1.47 to 6.3 m/secat Mach 0.8.
Four sampling probes, shown inFigure 12, each with
a different inlet wall to borearea ratio (Table 3) were
used in the free jet samplingsystem.All the probes
were used to evaluate probe wallthickness effects when
sampling isokinetically ina Mach 0.8 free jet; however,
only the knife edged probe(number 4) was used in the
anisokinetic studies at all Machnumbers.KEY TO FIGURE s
I. Sampling probe
2. Ball valve
3. Pipe union
4. Filter housing
5. Pressurerelief valve
6. Vacuum relief valve
7. Vocuum pump
8. Vacuumgouge
9. Meteringvalve
10. Airfilter
II. Orifice plate
12. Differentialpressuregauge
13. Thermometer
Figure 11.General arrangementof the free jet andsettling chamber particle samplers.55
Figure 12.Small bore sampling probes for free jet.Table 3.Aerosol concentration in a Mach 0.8 free jet determined by
different sampling probes.
Outside Inside Aerosol
diameter diameter Wall to bore concentration, C
of probe of probe area (mg/m3)
Probe inlet, D inlet, Dp ratio Std.
number (mm) (mm) Aw/Ab Mean dev.
1 6.05 2.77 3.77 9.3(3)* 1.23
2 6.12 3.96 1.39 8.4(4) 0.67
3 6.17 5.16 0.436 9.3(4) 0.63
4 5.08 4.50 0.277 8.0(4) 0.44
*( )number of observations57
Probe number 4, shown in Figure 13,was designed by
Aerotherm Acurex Corp., Mountain View,CA as a divergent
supersonic inlet.For low supersonic Mach numbers, the
divergent inlet portion, with sufficientlylow back
pressure, accelerates the flow to the vicinity ofMach 2.
The flow is decelerated ina shock pattern within a
constant area cross section immediatelydownstream of the
divergent inlet.The constant area cross section is also
intended to enhance thepressure recovery characteristics
of the probe.The supersonic inlet portion of the
sampling nozzle has an intentionalsurface roughness to
reduce the tendency of the shockto move once it is
swallowed by the probe.Figure 14 is a set of
shadowgraphs showing probe number 4 submergedin a Mach
1.47 free jet with no probe flow,at U/U'o = 0.5, and at
U/Uo = 1.0 (shock swallowed).To obtain the
shadowgraphs, a parallel beam of lightproduced by a
point source and converging mirrorwas passed through the
working section of the nozzle exit.Shock waves then
appeared on a screen/cameraas dark and light bands
corresponding to the sudden increase anddecrease in
density gradient across the shock.
The aerosol sampling system designis treated more
completely in Appendix A.The free jet air flow system
baseline data is presentedmore completely in Appendix B.NOTE I
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Determination of Stearic AcidMass
In the free jet and settling chambersampling sys-
tems, stearic acid particleswere collected on poly-
carbonate membrane filters.The mass of stearic acid
collected on a particular filterwas determined by gravi-
metric and gas chromatographictechniques.The gravi-
metric determinationswere used to make rapid,
approximate computations and thereforeno extraordinary
precautions were used to insuretheir accuracy.It was
found that sample handling andweight reproducibility
were greatly enhanced by exposing the filterto a small
alpha radiation source to eliminatestatic charges on the
filter just before a weighing.The range of sample
weight gains, excluding blanks,was from 0.75 to 16 mg.
The gas chromatographic methodinvolved washing the
filters with diethylether andconverting the dissolved
stearic acid to its methylester beforeseparation in a
gas chromatograph equipped witha flame ionization detec-
tor.Sampling probe depositswere determined similarly
after washing the probes with pesticidegrade acetone and
careful evaporation of theacetone.In both filter and
probe wash analyses an amount ofnon-interfering organic
acid (heptadecanoic acid)was added as an internal stan-
dard.
All chromatographic analyseswere performed by
Stoner Laboratories, Inc., Santa Clara,California.A61
method verification study showed that,within the
experimental range, essentially 100percent stearic acid
recovery from the Nuclepore filters could beexpected
even after a storage time as longas a week (See Appendix
D).
A paired t statistical comparisonof 223 gas
chromatographic and correspondinggravimetric results
indicated no significant difference(see Appendix E).
However, only the chromatographic resultswere used in
the final computations.62
Procedures
System Operation
Obtaining experimental data involved phasedopera-
tion of the aerosol generator, the freejet system, and
both particle sampling systems.First, the aerosol
generator was permitted to thermally equilibrateusing
dry, filtered purge air.Then, with clean wind tunnel
air in the free jet system, flow controlvalves in both
particle samplers were adjusted to achievethe proper
sampling rate; the vacuum pumpswere used only if
required.Following a momentary shut down, aerosolwas
permitted to enter the settling chamber andthe chamber
was brought to proper stagnation pressure.After oper-
ating for about one minute, the particlesamplers with
pre-set sampling rates were activated fora five minute
sampling period.When a sample was taken for particle
size analysis the sampling timewas ten to fifteen sec-
onds; however, the sampling was performedat the mid-
point of a usual five minuterun.
After collection, the samples to be used forparti-
cle sizing were prepared for SEM examinationwhile the
preweighed filters to be used for particlemass concen-
tration calculations were placed in glass petridishes
until they could be reweighed and subjectedto gas
chromatographic analysis.Probe washings awaiting gas63
chromatographic examination were stored inglass sample
bottles fitted with teflon linedscrew caps.
Aerosol Concentration Profiles
Table 4 summarizes the concentrationprofile results
at Mach 0.6, 0.8 and 1.26 for both thefree jet and set-
tling chamber.The mean and standard deviation of the
concentrations measured on the centerlinewere comparable
with the mean and standard deviationof all the data
points obtained duringa traverse.For this reason it
was assumed that average concentration in eitherthe
settling chamber or free jet couldbe adequately deter-
mined by samples takenon the center line.Table 4 also
shows that the mean deviation betweenthe settling cham-
ber and free jet concentrationswas 11%.This good
agreement allowed settling chamber samplesto be used as
the reference aerosol concentration(Co) during the probe
wall effects and anisokinetic samplingstudies.Complete
aerosol concentration profile data isgiven in Appendix F.
Blanks
During the course of the experimentsmany blank
filter samples were submitted foranalysis.Ten Nucle-
pore filters carried through sample handlingprocedures,
but not used in either samplingsystem, gave an average
result of +0.07 mg.This amount was considered
negligible since in 95% of the samplesthe correction
would be less than 2.0% of the filterweight gain; in theTable 4.Summary of aerosol concentration profiles.
Settling chamber concentration Free jet concentration
(mg/m3) (mg/m3)
All traverse pointsCenterline samplesAll traverse points Centerline samples Mach Mean Std. Mean Std. Mean Std. Mean Std. no. dev. dev. dev. dev.
0.6 8.23(13)*1.00 7.9(5) 0.54 8.5(13) 0.70 8.7(5) 0.88
0.8 6.7(19) 0.82 6.8(9) 0.62 7.6(19) 1.11 7.6(9) 1.02
1.26 2.9(11) 0.34 2.7(3) 0.28 3.2(11) 0.20 3.1(3) 0.07
1.47 - - 1.7(3) 0.11 - - 2.0(3) 0.09
Footnote a: ( )Number of samples used to determinemean value.65
worst case, the possible errorwas less than 9%.Twenty-
two filter samples were obtained in the settlingchamber
and in the free jet without the aerosolgenerator
operating.These indicated whether particlere-
entrainment from the settling chamber wall,screens, or
wide angle diffuser was significant.The analysis showed
that particle re-entrainment wouldaccount for at most a
0.5% error in the computed referenceaerosol
concentration, Co.Complete blank sample data is given
in Appendix H.
Probe Washes
Although the free jet and settling chambersampling
probes were washed with acetone betweensampling periods,
not every probe wash was retained foranalysis.Average
probe wash values were used with thefilter weight gain
to compute the total sample weight gain.Twenty-six
settling chamber probe washes indicatedthat the average
probe deposit was 2% of the amountdeposited on the
filter (std. dev. 1%); 46 free jet samplingprobe washes
gave an average probe deposit thatwas 12% of the filter
weight gain (std. dev. 5%).Complete probe wash data is
given in Appendix H.
Other Data
During the course of experimentation certainother
data were also accumulated.For example, the initial
supersonic sampling tests made extensiveuse of a sha-66
dowgraph system to determinethe location of the shock
relative to the free jet samplingprobe as a function of
sampling rate.Velocity determinations withinthe set-
tling chamber were made witha standard pitot tube con-
nected to a 0.-0.25in H2O Magnehelicdifferential
pressure gage. The Mach number at the nozzleexit was
determined from tabulated isentropicflow relations after
measuring the staticpressure drop across the nozzle,
Pexit/PtThe stagnation pressure, Pt,in the settling
chamber was measured witha calibrated large dial Wallace
and Tiernan gage capable ofmeasurements to the nearest
tenth of a psi.Each of the flow nozzleswas fitted with
four pressure taps to determinetrue static pressure at
the nozzle exit,Pexit.
The orifice plates usedto measure flow rates in
both particle sampling systemswere calibrated using a
method involving asaran bag with a known volume (60).
During calibration, Magnehelicdifferential pressure
gages were used to determine thepressure drop across the
orifice; the identicalgages were used during actual
tests.
Appendices A-D contain additionaldetails on the
equipment and methodology including:supersonic free jet
nozzle design, orifice metercalibration, aerosol
generation and charge neutralization,supersonic sampling
probe design, and stearic acidchromatographic analysis.67
Experimental Scenario
A general sequence of the data collectedis pres-
ented below.Many items were preliminary experiments
necessary for system evaluation and calibration.The
experiments of primary interest, marked withan asterisk
(*)
General Experimental Sequence
AUsing the subsonic flow nozzle, determineexit
Mach number as a function of settlingchamber
stagnation pressure.For supersonic nozzles,
determine exit Mach number at the critical
pressure ratio of the nozzle.
B.Using a standard pitot tube, makevelocity
traverses in the settling chamber for each
desired exit Mach number.
C.Using velocity data from item B,determine that
the settling chamber samplercan sample iso-
kinetically.
D.Using the subsonic flow nozzle, determinethat
the free jet sampler can isokineticallysample
near sonic free jets.Also, determine the range68
of sampling velocities attainablewith each of
the four sampling probes when usedin the near
sonic free jets.
E.Using a shadowgraph, determine shockfront
location relative to sampling probenumber 4 as
a function of sampling rate for each supersonic
nozzle.
F.Sample background particles in settlingchamber
and in free jet to determineany interference
with stearic acid analysis methods.
G.Operate aerosol generator and introducestearic
acid particles into settling chamber,then
collect particles on center line ofsettling
chamber for the determination of particlesize
and mass concentration.Make replicate runs to
determine the reproducibility of theaerosol
generator.Make traverses of the settling
chamber to determine the particleconcentration
profile.
H.Periodically and at the end of procedureG, run
blanks in the settling chamber andfree jet69
sampling systems to determine ifbackground
stearic acid levels become significant;inspect
screens and walls in settling chamber for
evidence of particle deposition.
I.Based on settling chamber stearicacid concen-
tration profiles, selecta single sampling
location which best representsan average con-
centration.
J.Using probe number 4, sampleisokinetically at
the free jet exit plane to determinestearic
acid concentration profiles innear sonic free
jets.Choose one location to representan
average free jet stearic acid concentration.
*K. Using all four jet sampling probesto sample
isokinetically at Mach 0.8, determineprobe wall
effects.
*L. Select the probe with minimum walleffect and
use it to take extensive data on subisokinetic
sampling at Mach 0.6 and 0.8.70
*M. Determine stearic acidconcentration profiles in
supersonic jets with the probenumber 4 operated
so that the shock is swallowed by theprobe.
Establish a sampling locationto represent the
average concentration of stearic acid inthe
supersonic free jets.
*N. Using probe number 4, studysubisokinetic
effects in Mach 1.26 and 1.47 freejets.71
RESULTS
Probe Wall Effects
Four sampling probes with wallto bore area ratios
ranging from 0.28 to 3.8were used to isokinetically
sample stearic acid aerosolon the center line of a Mach
0.8 free jet.The intention was to demonstratesampling
errors due to the probe inlet wall thickness.Replicate
samples were taken with each probe;the results are
presented in Table 3.Using the 15 data points,no
linear correlation (correlationcoefficient, r = 0.35)
could be obtained between thesampling probe wall to bore
area ratio, Aw/Ab, and the relative percenterror
[(C - Co)/C0)] x 100.
This finding is in goodagreement with the numerical
calculations of Rader and Marple (24).They found that
for Stokes numbers approaching0.1 and sampling velocity
ratios of 1.0, the aspiration coefficient,A, is 1; even
for probe diameter ratios, D/Dp,up to 2.5.In this
work, D/Dp, ranged from 1.1 (probenumber 4) to 2.2
(probe number 1) and the Stokesnumber ranged from 0.1 to
0.14 (Table 5).For larger Stokes numbersor velocity
ratios much greater or less than 1,Rader and Marple (24)
predict significant effectson A.Table 5.Experimental conditions used by various authors
subisokinetic correlation equations.
to develop
Author
Particle
sizes (Am)
Aerosol
Material
Stokes
Number
Range
U/U0
Range
U0 Range
(m/sec)
Present work 0.8 stearic acid 0.10-0.14 0.1-1.0 199-422
Davies' 3 to 25 zinc sulfide 0.01-2.5 0.008-0.8 1.2-13.4
Belyaev-Levin 17 and 24 pollen and
spores
0.18-2.03 0.18-6.0 2.0-7.9
Zenker 7 to 73 glass beads
limestone dust
0.06-14 0.4-2.5 3.0-35.0
Badzioch 19 to 27 silica and zinc 0.5-0.95 0.22-5.0 7.6-24.1
Watson 4 and 32 spores 0.02-3.2 0.44-2.3 4.5
1 Davies analysis based on experimental data obtained by Sehmel (54).73
Anisokinetic Studies
Sampling probe number 4 was used to sampleat less
than isokinetic conditions (U/Uo<1.0)on the center line
of free jets having Mach numbers of0.6, 0.8, 1.26 and
1.47.The average result of isokinetic samplestaken
simultaneously in the settling chamberwas used as the
reference concentration, Co.Figure 15 shows the experi-
mentally determined relative percentsampling errors,
[(C - Co)/Co] x 100 as a function of thepercent of the
isokinetic sampling velocity [(U/Uo)x 100] for each Mach
number.A nonlinear regression analysis of the data
gave:
C/Co = 0.69 + 0.31 (Uo/U) ± 12% (8)
Equation 8, shown graphically in Figure15, predicts
relative sampling errors greater than 124%for U/Uo <
0.2.
For the supersonic cases the percent ofisokinetic
sampling and the Stokes numberwere initially computed
using the supersonic free jet velocity,U'o.However,
when a bow shock exists, the stream velocityis subsonic
between the shock front and the sampling probeinlet.If
the bow shock is considered to bea normal shock, the
subsonic velocity may be predicted from normalshock
relationships.For example, compressible flowO
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Figure 15.Relative aerosol concentration errors for subisokinetic velocity
ratios.75
tables (61) show that fora Mach number of 1.26 (M1) the
Mach number ratioacross a normal shock (M1 /M2) will be
1.56, or M2=0.81.Thus, the actual Mach number immedi-
ately upstream of the samplingprobe inlet is Mach 0.81.
This concept is illustrated inFigure 16.
Using the post shock subsonicvelocity as Uo, the
percent of isokinetic samplingwas recomputed for the
Mach 1.26 and 1.47 free jets.These derived data points
are included in Figure 15.The good agreement between
the derived data and the dataactually obtained at sub-
sonic free jet velocitiessuggests that, within the
experimental limits, supersonicsubisokinetic sampling
errors can be estimated using the subsonicvelocity which
exists downstream of a samplingprobe bow shock to com-
pute the sampling velocity ratio, U/Uo.
Interpretation of Results
Figure 17 compares the subisokineticerrors pre-
dicted by Equation 8 with theresults of other authors
for a Stokes number of 0.12.Even though previous inves-
tigators used relatively largebore probes and low speed
flows, they studied a Stokes numberrange that approached
or included the Stokes numbers encounteredin the present
study (i.e.0.1 < K < 0.14).The experimental results
also compared well with predictionsusing the theoretical
approach attributed to Forney andMcGregor (28) (See76
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Appendix K).The good agreement between the results of
the present study and the relatively recent experimental
work of Zenker, as reported by Fuchs (22), Belyaevand
Levin (23), and Davies, as reported by Belyaev andLevin
(23), and the theoretical work of Forney andMcGregor
(28) demonstrates the usefulness of thesecorrelations
for predicting sonic range, subisokinetic samplingerrors
when the Stokes number of the particle nozzlesystem is
near 0.1.Table 5 compares the experimental conditions
used by these authors in developing their predictive
equations for anisokinetic sampleerrors.
Generally, the results suggest that the coefficient,
13(K), in the generalized aspiration equation(Equation 3)
depends on the Stokes number andon the velocity ratio,
U/Uo.Furthermore, the results support the theoretically
developed notion of a universal similarityparameter to
correlate probe collection efficiency ina supersonic
stream.
This fundamental research was, in part, motivatedby
the real world concerns about the sampling efficiencyof
aircraft turbine engine smoke probes.As shown in Appen-
dix L, the subisokinetic results given above allowpre-
diction of sampling errors for aircraft turbine engine
smoke probes.79
CONCLUSIONS AND DISCUSSION OFERRORS
Conclusions
In this study, aerosols containingspherical stearic
acid particles witha geometric mean diameter of 0.8Am
and a geometric standarddeviation of 1.28 were sampled
with small bore, front facingaspirating probes in near
sonic and supersonic unheatedfree jets.The conclusions
are:
1.The sampling probe wallto bore area ratio,
Aw/Ab in the range from 0.28to 3.77 does not affect the
sampled aerosol concentrationC, when sampling iso-
kinetically in Mach 0.8 freejets.
2.Relative concentrationerrors of approximately
124% are encountered whensampling in Mach 0.6, 0.8, 1.26
and 1.47 free jets, if thesampling velocity is 20% of
the free stream velocity.
3.With supersonic free stream Machnumbers less
than 1.47 the subsonic velocitydownstream of the
sampling probe bow shockcan be used with subsonic
subisokinetic data to estimatesampling errors.
Therefore, representative samplescan be obtained by
matching the sampling velocitywith the post shock
subsonic velocity rather than thefree stream supersonic
velocity.80
Discussion of Errors
There are three basic categoriesof errors to be
considered: (1) instrumenterrors, (2) experimental
errors and (3) statisticalerrors.
Instrument Errors
(1)Six temperature readingswere involved with each
test.The stagnation temperaturein the settling
chamber, the flowingtemperature of air through the
orifice meters in the settlingchamber and free jet
sampling systems, thetemperature of molten stearic
acid in the aerosol generatorreservoir, and the
aerosol temperature in theevaporation zone and
condensation zone of the aerosolgenerator.Temper-
ature readings could be madeto within +/- 1F.The
aerosol generator temperatureswere used to monitor
performance of the aerosolgenerator and to detect
system upsets and were not used inany calculations.
The settling chamber stagnationtemperature and
orifice meter flowing airtemperatures, although
measured and recorded,were assumed to be 530R for
the purpose of calculation.This is discussed
further in the next sectionas an experimental
error.
(2)Two pressure measurementswere involved with each
test.The ambient pressure, measuredwith a labora-81
tory quality mercury in glassbarometer to the
nearest tenth millimeter ofmercury, and the set-
tling chamber stagnationpressure, measured to the
nearest tenth psi with a large dialcalibrated
pressure gage.The accuracy of thepressure gage
was +/- 0.2 psi for the range ofmeasured pressures.
Calibration data is given inAppendix A.The ratio
of ambient to stagnationpressure determined the
nozzle exit Mach number andthe isentropic flow
conditions listed in standardcompressibility
tables.Based on the precision of thepressure
measurements, the exit Mach number couldbe con-
trolled to within+/- 0.005M or less than 0.5%
error in exit Mach number.
(3)Differential pressuregages were used to measure
pressure differences across the aerosolsampling
system orifice plates and thedifference between
total and static pressure whenpitot tubes were used
for velocity measurements inthe settling chamberor
free jet.The accuracy of these devicesis +/- 2%
of full scale.This gage inaccuracy translatesto a
velocity or flow rate measurementerror of less than
3%.
(4)For each test, the calculationof settling chamber
and free jet aerosolconcentrations involved a time
measurement of the aerosol collectionperiod.82
Errors in measuring timewere small, probably less
than 0.5%.
(5)The mass of stearic acidcollected on the Nuclepore
filters and in sampling probewashes was determined
by a gas chromatographic techniquedescribed in
Appendix D.The recovery of knownamounts of
stearic acid added to untreatedfilters and acetone
solutions averaged 101% and102%, respectively,over
the range of one toten milligrams.The weight of
stearic acid collectedwas determined to the nearest
0.01 mg.Since total filter weight gainwas always
greater than 0.75 mg, theerror in stearic acid
determination was less than 2%.
(6)Particle size was determined bydirect counting of
particle images on photomicrographsobtained with a
scanning electron microscope.Particle images were
measured to the nearest 0.1mm which corresponds to
0.03 AM at 3000 x magnification.Since the
particle geometric mean sizewas 0.8 J.tm, the error
associated with the sizing ofan individual particle
was about 4%.Particle size did not directlyenter
into calculation of samplingerrors, but particle
size was required to calculatethe Stokes number
which was required tocompare results with the
results of other authors.83
Experimental Errors
There are three mainsources of experimental errors.
Inherent variability.Inherent variability in the
experimental materialsor conditions results in
extraneous variations whichare called errors.Such
properties and conditionsas variations in filter pore
size, stearic acid aerosolparticle size, settling
chamber stagnationtemperature, and the amount of stearic
acid deposited on the samplingprobe walls give rise to
these errors.Such variations are notcompletely
controllable or accountable buttheir effects can
sometimes be minimized bycareful selection of material
and proper experimentaldesign.
A variety of approacheswere used to minimize these
types of errors.Significant variations in filterpore
size and filter collectionefficiency were avoided by
selecting polycarbonate membranefilters that have out-
standing characteristics foruniform properties from
membrane to membrane anda predictable collection effi-
ciency.Confidence in the stability andreproducibility
of the aerosol generatorwas gained by collecting 22
particle size samples regularlyover the entire experi-
ment, a period of several months.Variation in the
settling chamber stagnationtemperature occurred fromrun
to run and within a run; theextreme range overall was
520-537R with an assumedaverage of 530R.As seen from84
equation 9, for the worstcase, this assumption resulted
in a +/- 2% error instagnation air density whichtrans-
lated to a similarerror in isokinetic or subisokinetic
sampling rates.
Pt = (Pt X MW) / (Rgx Tt) (9)
Variation in orifice meter flowingair temperature, Tf,
was also assumed negligible withTf assumed to be 530R.
As described in Appendix C,Tf actually ranged from 528R
to 540R for the settling chambersampling system orifice
meter and from 528R to 549R forthe free jet sampling
system orifice meter.Since the standard volumetricflow
rate, Qb, through the orificemeter is inversly propor-
tional to the square root ofTf, the maximum error in Qb
by assuming Tf = 530R is +/-2%.
The amount of stearic aciddeposited on the settling
chamber sampling probe interiorwalls averaged 2% of the
amount deposited on the filter; thiswas assumed negligi-
ble and was not accounted forin final calculations.For
the free jet sampler, however,the probe wash averaged
12% of the filter weight gainand this average was added
to the filter weight gain todetermine the total weight
of stearic acid collectedon a given run.The actual
range of probe wash results for 46 samples,was from 4%
to 21% of the filter weightgain.Thus, the error in85
determining the total weight ofstearic acid collectedon
a single run due to variation in theamount deposited on
the probe wallwas +1- 9%.
Lack of Uniformity.Failure to standardize the
procedure, or lack of uniformity,is the second source of
experimental errors.For example, failure to wash the
sampling probe with acetonebetween runs could result in
this type of error.However, extreme care was taken in
performing all procedures inas uniform a manner as
possible.For example, all systemswere operated using
prepared check lists and datawere recorded on standard-
ized data sheets.
Bias Errors.Bias errors may also exist,such as
consistently reading a scaletoo high or too low.Also,
errors due to such things as flow leakagewould result in
measurements which were too highor too low.This type
of error is more properlytermed an accuracy rather than
precision error and is usuallysimpler to locate and
correct.For example, proper calibration(of both ma-
chine and operator) allowedthe two errors mentioned
above to be adequately accountedfor or corrected.
For this study, it is noteworthy,that much of the
critical procedure, suchas determination of the stearic
acid mass by gas chromatographyor using the electron
microscope for selecting theparticle field to be counted
for particle size determination,or calibration of the86
settling chamberpressure gage, was done by operators
other than the principalinvestigator.This independent
analysis of key componentdata, reduced the opportunity
for inadvertent compoundedbias error of a single indi-
vidual.
Another source of biaserror is the judgment error
associated with drawing best fitlines or curves between
data points, not all of whichfell on the lineor curve.
Examples for this experimentare the orifice meter cali-
bration curves and the cumulativenumber distribution
lines used to determine particlegeometric mean size and
geometric standard deviation.Since the scatter in these
plots was small, it is estimatedthat the bias error that
may have been introduced is less than +/-2%.
Statistical Errors
Statistical errors involvingsignificance testing
are placed in two categories.Type I errors are usually
the more serious andoccur when the variations due toa
specified factor are determinedstatistically to be
significant when in fact theyare not.In this experi-
ment, there were no tests ofthis type.Type II errors
are usually less serious andoccur when a variation is
not considered significantwhen in fact it is.For
example, the t testwas used to determine therewas no
significant difference ata significance level of 0.05,
between gas chromatographicand gravimetric methods for87
determining the weight of stearicacid collected on the
membrane filters.If in fact, there isa difference, a
type II error has occurred.
Finally, it should not be overlookedthat a primary
thrust of this experimentwas, in fact, to determine an
error; that is, the subisokineticerror associated with
determining the mass concentrationof small particles
suspended in high speed jetsof air.Fundamentally, the
experimental challengewas to prevent the error of inter-
est from being masked by othererrors.Central to this
task was calculation of aerosolconcentration, that is,
weight of stearic acid collecteddivided by the volume of
air sampled.Considering all of the above discussionof
error, aerosol concentrationwas measured to within +/-
10% of true value neglectingthe subisokinetic error.
Since the subisokineticerrors were generally an order of
magnitude greater than the +/-10% noise level, the basic
experimental design objectivewas achieved.88
SUMMARY AND RECOMMENDATIONS
Summary
The accurate measurement ofaerosol mass concentra-
tion is frequently complicatedby the nonideality of the
aspiration process.It becomes particularly difficultto
extract representative sampleswhen the sampling velocity
and ambient fluid velocitydiffer significantly.Under
these conditions, inertialeffects can cause particle
trajectories to separate fromfluid streamlines.Even
isokinetic samplingcan result in sampling biases when
the probe is "thick walled."
An extensive literature existson inertial sampling
bias; both theoretical andexperimental work are well
represented.This work, however, is thepioneering
experimental treatment of samplingbias for the case of
submicrometer size particles suspendedin near sonic and
supersonic jets of air.Consideration of this regimewas
driven by practical interestin accurate determination of
particle mass concentrationsin gas turbine engine and
rocket motor exhausts.Although all the characteristics
of particle sampling in thesereal world environments
were not simulated, the factors expectedto have the most
dominant effect on sampling biaswere included.These
factors were: (1) probe wallthickness, (2) sampling
velocity ratio, (3) and shock frontpassage.89
Probe wall thickness provednot to be important when
the sampling velocity ratiowas maintained at 1.The
velocity ratio hada very significant effecton sampling
bias; for velocity ratiosapproaching 0.1 the sampling
error approached 300%.Most importantly, itwas shown
that when sampling in supersonicstreams, it is not
necessary to "swallow" the shock intothe sampling probe
in order to obtaina representative sample.In the
supersonic cases, an isokinetic(i.e. representative)
sample could be obtained bymatching the sampling
velocity with the subsonicvelocity downstream of the
probe bow-shock.This subsonic free stream velocitycan
be calculated using wellestablished "normal" shock
relationships for air.The practical significance of
this finding is that realworld sampling devices donot
require the added complexity(i.e. probe design,pump
capacity, etc.)necessary to achieve a "swallowed"
shock.
Other experimental and theoreticalstudies of the
effects of anisokinetic samplingshow that the sampling
bias is also strongly dependenton the Stokes number. In
this work, Stokes numberwas essentially constant (i.e.
0.1 - 0.14) so a Stokes numberfunctional relationship
with the aspiration coefficientcould not be developed.
It was also shown that forthe free jet sampling
system a significant amount(average of 12%) of the total90
weight of collected samplewas deposited on the interior
walls of the sampling probeupstream of the collecting
filter.Experimentally, it waseasy to rinse the sam-
pling probe and account forthe deposited material.For
real world sampling devicesa similar procedure would be
operationally very difficult.
Recommendations
Within the range of theexperimental parameters,
this work has shown thatsubisokinetic samplingerrors
for the extreme conditionsof near sonic and supersonic
free stream velocity andsubmicrometer particles can be
well predicted with experimentalcorrelations developed
for more conventionalparticle sizes and free stream
velocities.In essence, this work has extendedthe
envelope for these experimentalcorrelations.Although
there are limited theoreticalstudies that consider
sampling bias in supersonicstreams, it is believed that
additional experimental dataare required to validate
these approaches before thetheoretical results are
universally applied.
Accordingly, the following specificrecommendations
are made regarding future experimentalwork associated
with this study.
1. Extend the Stokes numberrange to determine the
dependence of the aspirationcoefficient on Stokes91
number.The Stokes number ismost easily and
significantly adjusted by changingparticle size.
2. Perform probe wall effectsstudies with the sampling
velocity ratio not equal to 1and for a range of
Stokes numbers.
3. Examine a variety of free jetsampling probe
designs to minimize aerosoldeposition on the
interior walls.
4. Study superisokinetic effects.92
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APPENDIX A
SUPPLEMENTARY SYSTEM DESIGN INFORMATION100
Free Jet Air Flow System
Figures A-1 through A-8 show details of thefree jet
air flow system.The comments which follow are intended
to give an understanding of the design andfunction of
each major component of the system.Most design criteria
were based on recommendations made by Pope and Goin
(62).
The sizing of the free jet apparatuswas determined
largely by the required area of thenozzle exit (i.e.,
test section).The flow area in the test section hadto
be large enough to completely submergethe sampling probe
in the desired flow and to prevent flowblockage by the
probe.Thus, the probe frontal area (i.e., thearea
normal to the flow) determined the nozzleexit diameter.
The probe dimensions, in turn,were chosen to be
representative of typical probes used in samplinggas
turbine exhausts.
For solid models used in transonic wind tunnelswith
perforated test section walls, Pope and Goin(62) suggest
a flow area 100 times the model area to completely
neglect possible wall effects suchas shock wave
reflections which may disturb uniform flow.In the
present case, the nozzle exit diameterswere 5.08 cm (2
inches) providing a flow area of 20.26 cm2(3.14 in2).*.'la coNC-SA
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All the free jet sampling probe frontalareas (i.e., wall
plus bore area) were 0.299 cm2 (0.046 in2)or less.
Thus, the flow area was at least 68 times the totalprobe
frontal area.If, however, only the probe wall thickness
is considered to contribute to possibleinterference then
the ratio of flow area to modelarea increases to 90 for
the thickest walled probe and to 462 for theprobe with
the thinnest wall.
When considering the above discussion, it shouldbe
noted that in wind tunnel testing parlance thephenomenon
generally called the probe blockage effect refersto the
fact that large probes (i.e., usually pitot tubesnot
sampling probes) will noticeably influence theflow
characteristics such that measurements (i.e., total
and/or static pressure) willno longer indicate the
correct flow parameters.The blockage effect can be
looked upon as a perturbation of the velocity inthe
vicinity of the probe and, as such, is similarto the
phenomenon which in this study is referredto as the
probe wall effect.Therefore, the requirement forno
flow blockage by the probe really appliesto the case
where the probe with the thinnest wallwas used to sample
the free jet isokinetically.As discussed above, the
flow to probe area ratio in thiscase was 462.In other
words, no probe wall effects wouldoccur with the knife
edged probe; a desireable situation.110
As a final note on probe blockage effects, the
recent experimental results of Wyler (63) should be
mentioned.Two major conclusions were that the blockage
effect in free jets was approximately the same magnitude
as in closed tunnels and that the blockage effect is very
important in the transonic flow regime, M = 0.9 to M =
1.2.The first result negates the customary argument
that the effect of a disturbance on the flow properties
of a free jet is negligible since the flow boundaries are
free to adjust to any flow disturbance.These findings
reinforced the need to include a wall effects study as
part of this program.
Once the required size of the flow nozzles was
determined, the sizing of the remaining system components
was relatively straightforward.Referring to Figures 5
and 7, the major components of the air flow system
include the wide angle diffuser, settling chamber,
transition section, and the nozzles.
The purpose of the wide angle diffuser is to spread
the flow from the 6-inch nominal diameter inlet pipe to
the 12-inch nominal diameter settling chamber and to
distribute the test particles as they are injected into
the air stream.The perforations in the diffuser were
designed with a sufficient flow area (about 700 1/4-inch
diameter holes) to keep the average velocity through the
perforations well below Mach 0.5 at the most severe111
operating conditions.The spreader provided large scale
turbulence to promote good mixing of the generated test
particles and, because of its ventilated wall design,
discourage turbulent deposition of particles on the
diffuser surfaces.
The settling chamber was a cylindrical shell, more
than one diameter long, which accepted aerosol from the
wide angle diffuser, provided a length for settling to
obtain uniform flow, provided screens for reducing
turbulence, and then exhausted aerosol into the
transition section.The concensus of wind tunnel
engineers is that settling chamber velocities should be
no greater than 80 to 100 ft/sec (62); in the present
case, 12-inch pipe was available and its use meant that
settling chamber velocities would be on the order of 20
ft/sec.
The purpose of the transition section was to give a
smooth variation of Mach number with distance between the
settling chamber and the minimum cross sectional area of
the nozzle, A*.Typical recommended lengths for the
entrance section are one or two test section heights.
The large area contraction ratio (36 to 1) provided by
the transition section contributes to low turbulence
levels and uniform flow at the nozzle exit.
Three flow nozzles were designed and fabricated for
this project; one subsonic nozzle and two supersonic112
nozzles.The subsonic nozzle was a standard ASME long
radius, low ratio type (57).The supersonic nozzle
contours were generated at Ames by a computerized version
of a design method due to Sims (58); exit Mach numbers of
1.3 and 1.5 were selected for design purposes.The
measured exit Mach numbers were slightly less than design
because the design method does not include a correction
for boundary layer thickness in the computation of nozzle
coordinates.In other words, the flow area at the nozzle
exit will be somewhat less than the physical dimensions
of the hardware because of a boundary layer close to the
nozzle walls.Previous experience with the supersonic
nozzle design method at Ames had proven it to be reliable
for producing nozzles that provided the desired three
dimensional parallel flow at the nozzle exit.Sims (58)
method is based on an approximate solution of the
transonic throat flow in a De Laval nozzle found by
expanding the potential function in a power series about
the critical line.
The air flow system was not provided with a blow off
stack and safety disc.Thus, the system design pressure
was the air supply line pressure, 150 psig.As a result,
the system required a hydrostatic test at 150% of the
design pressure (i.e. 225 psig) to meet the ASME Code for
Unfired Pressure Vessels (64).
Several other features of the air flow system should113
be noted.The settling chamber was on rollers to
facilitate access to its interior for inspection,
cleaning, and removal of screens, etc.Two sampling
ports separated by 90° were located on a settling chamber
radius just upstream of the transition section.These
ports could be fitted with a pitot tube for velocity
measurements or a probe for particle sampling.When a
pitot tube was used, differential pressures were
determined by a 0-0.25 mm in H2O Magnehelic gage equipped
with a high pressure case that could accept total
pressures up to 100 psig.The gage was protected by 50
psig cracking pressure check valves.A thermowell was
provided for a thermometer to measure stagnation
temperature and a pressure tap was fitted with a large
dial calibrated pressure gage for the determination of
stagnation pressure.Note that both of these fittings
were located in a plane slightly downstream of the inlet
of the sampling probe to avoid disturbance of the aerosol
flow in the vicinity of the probe tip.Static pressure
taps were also provided at the nozzle exit; the ratio of
exit static pressure to total pressure was used to
calculate the true exit Mach number.
As an experimental design consideration, it was
considered necessary to perform all free jet aerosol
sampling within the "potential core" of the jet to avoid
the complication of expansion wave interactions.As an114
apriori guideline, the data published by Broer and
Rietdijk (65) was used to estimate the length, Xc, of the
potential core of a fully expanded jet for the various
nozzle exit Mach numbers (Me) anticipated in the present
study.Broer and Rietdijk (65) give experimentally
derived values of Xc/De as a function of Me, where De is
the exit diameter of the nozzle, which for the present
case was 5.08 cm.Table A-1 gives the resulting values
of X.
Table A-1.Apriori estimates of potential core length.
Exit Mach
Number
(Me) Xc/De
Xc
(cm)
0.2 2.8 14.2
0.6 3.5 17.8
0.8 4.0 20.3
1.3 6.0 30.5
1.5 7.0 35.6
Since the experimental sampling probe inlets were placed
approximately 1.3 cm from the nozzle exit, they were,
based on these predicted values of Xc, well within the
potential core of the free jets.Subsequently, X-Y
velocity traverses in the free jet, confirmed this
prediction; these data are given in Appendix B.115
Axisymmetric Flow Nozzle Design Equations
A. Subsonic nozzle (Figure A-4)
The subsonic nozzle coordinates were given by the
equation:
R = 2.3 - {0.65 [4-(X-1.6601) 2]1/21 (A-1)
For 0< X < 1.6601 inches
and,
R = 1.000 inches
For 1.6601 < X < 3.0101 inches
B. Supersonic nozzle with design exit Mach number of
1.3 (Figure A-4)
For 0< X < 2.0809 inches,
Coordinates were given by the equation:
R = 4.8455 - [15.0265 - (X-2.0809)2]1/2(A-2)
For 2.0809 < X < 3.6161 inches, coordinates are
given in Table A-2.116
Table A-2.
X
Nozzle contour coordinates
nozzle.
R X R
for Mach
X
1.3
2.0809 0.9691 2.5080 0.9809 3.0863 0.9963
2.1028 0.9692 2.5495 0.9823 3,1335 0.9971
2.1240 0.9695 2.5917 0.9837 3,1808 0.9977
2.1514 0.9700 2.6344 0.9850 3.2284 0.9983
2.1781 0.9706 2.6777 0.9864 3,2762 0.9989
2.2085 0.9714 2.7215 0.9877 3.3243 0.9992
2.2413 0.9722 2.7657 0.9890 3.3727 0.9995
2.2759 0.9733 2.8104 0.9903 3.4211 0.9998
2.3120 0.9744 2.8555 0.9914 3.4697 0.9998
2.3493 0.9756 2.9010 0.9926 3.5184 0.9999
2.3877 0.9768 2.9467 0.9937 3.5672 1.0000
2.4270 0.9781 2.9930 0.9947 3.6161 1.0000
2.4671 0.9795 3.0395 0.9955
C. Supersonic nozzle with design exit Mach number of
1.5 (Figure A-4)
For 0< X < 2.0951 inches,
Coordinates were given by the equation:
R = 4.6140 - [13.625 - (X- 2.0951)2]1/2 (A -3)
For 2.0951 < X < 4.2288 inches, coordinates are
given in Table A-3.117
Table A-3.
X
Nozzle contour coordinates for Mach
nozzle.
R X R X
1.5
2.0951 0.9228 2.6432 0.9518 3.4247 0.9906
2.1175 0.9228 2.6882 0.9546 3.4767 0.9922
2.1403 0.9232 2.7340 0.9575 3.5291 0.9936
2.1633 0.9238 2.7803 0.9604 3.5817 0.9948
2.1874 0.9246 2.8272 0.9631 3.6347 0.9959
2.2107 0.9256 2.8746 0.9659 3.6878 0.9969
2.2403 0.9271 2.9226 0.9687 3.7412 0.9976
2.2829 0.9293 2.9710 0.9713 3.7948 0.9983
2.3169 0.9312 3.0199 0.9738 3.8486 0.9988
2.3531 0.9334 3.0692 0.9763 3.9025 0.9993
2.3910 0.9357 3.1189 0.9787 3.9567 0.9995
2.4303 0.9381 3.1690 0.9811 4.0109 0.9998
2.4709 0.9407 3.2194 0.9832 4.0653 0.9999
2.5127 0.9434 3.2702 0.9853 4.1197 0.9999
2.5553 0.9461 3.3214 0.9872 4.1734 1.0000
2.5988 0.9490 3.3729 0.9890 4.2288 1.0000
Aerosol Generator
The aerosol generator employed in this program is
shown in Figures A-9 and A-10.The sizing of the
equipment was, for the most part, based on information
received in communications with Donald Fenton and Earl 0.
Knutson of the Fine Particle Research Laboratory at IITRI
(45).Stearic acid was selected as the aerosol material.
Stearic acid has been used in condensation type aerosol
generators by Werle et al.(48) and, in fact, was used in
the original work of Sinclair and LaMer (46) and
Rappaport and Weinstock (47).Stearic acid is a solid at
room temperature but has a melting point of only
70 C.Liquid stearic acid particles retain a nearly118
Heating
Zone
Air
Atomizer
Condensation
Zone
Monodispersed
Aerosol
Figure A-9.Conceptual diagram ofLaMer aerosol
generator22
17
5cr-15
18
20
Figure A-10.Schematic diagram of aerosol generatingsystem.Descriptions
of these items appear in thepages following.120
Key to Figure A-10
1. Regulated wind tunnel quality air inlet.
2. Royco Model 12 filter.
3. Metering valve.
4. Pressure gage.
5. Atomizer - 27 No. 81 holes drilled in 1/4"
stainless steel tubing.
6. Stearic acid reservoir (approximate capacity
1000 ml) submerged in thermostatically controlled
water bath, nominal temperature = 90C.
7. Stainless steel tubing, 1-1/2" OD.
8. Heating tape, heavy duty.
9. Thermometer.
10.Heat exchanger.
11.Rotameter.
12.Cooling water inlet.
13.Aerosol charge neutralizer.
14.Stainless steel tubing, 1/2" O.D.
15.Ball valves.
16.Check valve, 1/3 psi cracking pressure.
17.Aerosol discharge to settling chamber.
18.Simple U-tube trap.121
19.Glass wool packed filters.
20.By-pass discharge line to room.
21.Norgren Ultra-air filter.
22.Discharge line to room.122
spherical shape as they solidify and therefore result in
a precisely sized, stable aerosol (48).Certain
properties of stearic acid are presented in Appendix D.
There are a few differences between the generator
constructed for this program and the high volume
condensation generator used by IITRI (48).The first
difference is in construction; the generator presently
employed had to be hydrostatically tested at a pressure
of 225 psig; accordingly, glass was not used as a
construction material.The IITRI generator did not use a
nucleating agent such as anthracene and, therefore, the
requirement for uniform cooling of the condensing vapor
stream was probably critical because the generator did
not have the advantage of stable nuclei on which the
vaporized material could recondense.The IITRI generator
did not include an aerosol charge neutralizer.
When aerosol production from the LaMer generator
(Figure A-10) was desired, the submerged orifice in the
thermostatically controlled reservoir of molten stearic
acid was pressurized, introducing a dense polydisperse
spray ahead of the evaporator.The evaporator was
located so that thermally degraded constituents formed in
contact with the hot evaporator wall can not drain back
into the reservoir with the molten stearic acid.The
perforated plate at the inlet to the evaporator was
intended to encourage flow distribution downstream of the123
90° bend which was just ahead of the evaporator.The
plate between the evaporator and condenser also promoted
good flow distribution and a uniform temperature profile
at the entrance to the condensing section.Temperatures
of about 300 C were achieved in the evaporator.
The condenser was immediately below the evaporator
and consisted simply of a counter current single pass
shell and tube heat exchanger using water as the cooling
liquid.After leaving the condenser, the generated
aerosol passed through a charge neutralizer before
delivery to the air flow system or to a series of glass
wool packed traps which were used during the start-up and
by-pass operation of the generator.
Because of the similarity between the IITRI
generator and the one used in this study it was likely
that their performance characteristics would be
comparable.The IITRI generator reported an output of
0.3 gm/min consisting of 0.7 micrometer diameter
particles at a concentration of about 106 particles/cm3
with a geometric standard deviation typically less than
1.12 (45).
The generator flow rate was about 42 liters/min.
(1.5 cfm) when a critical pressure drop was maintained
across the atomizer nozzle submerged in the stearic acid
reservoir.Since the air pressure delivered to the124
generator could be increased to the line pressure (150
psig) it was possible to maintain a 30-40 liter/min flow
rate through the generator even when the settling chamber
pressures were increased to achieve the higher Mach
numbers.
Based on an aerosol generator output of
approximately 106 particles/cm3 and a maximum air flow
system dilution factor of 103, minimum aerosol
concentrations on the order of 103 particles/cm3 or 0.2
mg/m3 were expected in the settling chamber and in the
free jet.(Note:In actual practice, the lowest
measured free stream aerosol concentration, Co, was 1.5
mg/m3.)
Aerosol Charge Neutralizer
In this study a 10 mCi 106Ru_106 Rh beta radiation
source was used in the aerosol charge neutralizer (Figure
A-11).The neutralizer design was based on guidelines
presented by Cooper and Reist (59).Basically, the
particles are considered to have an initial charge at the
Rayleigh limit (i.e. maximum charge before the particles
become mechanically unstable) and the particle residence
time in the neutralizer is selected to be approximately
30 times longer than the required time predicted from
theory.11/2.' S.S. tube 11/2" Swagelok
Mole Connector
3" Golv.Pipe
1/8" wall
3" to l"Reducer
Aerosol outlet
S.S. end cap 1/4"collar with
set screw
End`
Cap Machine Screw
Aerosol inlet
Support
Bracket
1/2" S.S.
tube
M6 M6 10mCiRu Rh Contained
in 1/4" 0.D. Stainless
Steel tubing (0.006" wall ")
Bushings
Figure A-11.Schematic diagram of aerosolcharge neutralizer.
1/2" Swagelok
Mole Connector126
Aerosol Charge Neutralizer Design
A. Given:
1. Radioactive source is Ruthenium-106/Rhodium-106
(106Ru_106Rh
)electrodeposited on a thin wire sealed in a
thin waled (0.006 in) stainless steel 1/4 in OD tube.
Half-life: 1.0 year
13-energy: 3.6 Mev (Max.)
y - energies:0.5 - 2.9 Mev
2. To achieve a Boltzmann charge equilibrium the
aerosol must be in contact with a concentration of at
least 106ions/cm3 (nm) with the ratio (t*) of residence
time tress to neutralization time T, on the order of 30
(Cooper and Reist (59))
3. Assume an initial aerosol particle charge equal
to the Rayleigh upper limit.
4. Outer cylinder of charge neutralizer is 3"
carbon steel pipe (3.25" OD, 3" ID), approximately 20"
long (L).
5. Assume maximum flow rate, n.max,through
neutralizer is 2 cfm.
B. Since the thin walled tube containing the
radioactive source could possibly be exposed to positive
pressure up to 150 psig, calculate collapsing pressure of
the tube, Pc.
According to Jasper and Sullivan (66), the
collapsing pressure, Pc, for a long thin-walledcommercial lap-welded steel tube is:
3
Pc =50,200,0000
D
D= OD of tube, inches
t= wall thickness of tube, inches
Pc = collapsing pressure, psi
Equation (A-4) applies when D<40t
For the present case;
and,
D = 0.25= 41.6 ..40
t 0.006
Pc = 50,200,000(0.006)3 = 693.9 psi
0.25
Safety factor = 693.9 = 4.6
150
127
(A-4)
C. Calculate linear absorption coefficients, in air,
Pair, and stainless steel, Asteel, for source B energy.
In general, for B emitters (59),
p = 17pEmax -1.14 (A-5)128
where p= density of medium (gm/cm3)
Emax = maximum B energy (Mev)
Pair0.15 Lbx 454 gm x lft3 = 0.0024 gm
Lb28,317 cm3 cm3
Psteel = 489 Lb= 7.84 gm
ft3 cm3
Therefore,
Pair= (17) (0.0024)(3.6)-1.14= 0.00947 cm-1
(17) (7.84) (3.6)-1.14 = Psteel (17 30.94 cm-1
D. Calculate specific ionization constant, k, ion pairs
produced per cm per beta.
According to Cooper and Reist (59),
k = (17/3) p Emax -0.14 /(34 ev/ion pair) (A-6)
Assume ,pair at ambient pressure (i.e., worst case) is
0.0012 gm/cm3
or,
kair = 167.17 ion-pairs
cm-beta
E. Calculate neutralization time, r, and the required
line source strength, S, in betas produced per second and
millicuries (mCi)
We know,
Vmax = maximum aerosol velocity = Omax (A-7)
through neutralizer A
A = flow area = 7r2 = (3.14) (1.5)2 = 0.049 ft2
144
Qmax = maximum volumetric aerosol = 2ft3
flow rate through neutralizerminTherefore;
Vmax = 2ft3/min = 40.8 ft/min
0.049 ft2
and,
Vmax = 40.8 ft/min = 0.68 ft/sec
60 sec
min
Tres =L= 20in x lft= 2.45 sec
Vmax 12in
0.68 ft/sec
Therefore,
129
(A-8)
= approximate neutralization time = tres (A-9)
t*
r= 2.45 sec = 0.0816 sec
30
According to Cooper and Reist (59);
no, = 2 [kS/(4rolla )]1/2 (A-10)
where,
n, = equilibrium ionic concentration (ions/cm3)
As design guideline, select;
no, = 6 x 106 ions/cm3This corresponds to values of
no, for commercially available neutralizers (59)
k = specific ionization constant= 167.17 ion-pairs
cm-beta
ro = radius of cylinder = 1.5 in = 3.81 cm
H = length of source = 20 in = 50.8 cm
a = recombination coefficient = 3 x10-6 cm3/sec
S = line source activity (betas/sec)Solving for S,
n2w 4kS/(4r0Ha)
or
S roHan_2
k
substituting,
S = (3.81cm) (50.8cm) (3x10-
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6 cm3/sec)(36x1012ions)
167.17 ion-pairs
cm-beta
S = 125 x 106 betas
sec
Since,
1 mCi = 3.7 x 107 betas/sec
S = 125 x 106 betas x mCi = 3.37 mCi
sec 3.7 x 107 beta/sec
F. Calculate required source activity, So, if required
line source strength, S = 3.37 mCi
This calculation accounts for fact that source, So,
is contained in a stainless steel thin walled tube.
From Moore (67),
S = So exp( -Asteel xsteel) (A-13)
Asteel = absorbtion coefficient = 30.94 cm-1
xsteel = wall thickness = 0.006 in = 0.0152 cm
Therefore,
S = exp (-30.94 x 0.0152)
So
S = exp (-0.47) = 0.625
So131
So = S/0.625 = 5.39 mCi
106Ru_106 Since Rh has a 1 year half life and since
the aerosol charge neutralizer would be required to be in
use for up to 1 year, a 10mCi source was selected to
insure sufficient activity throughout the experimental
period.
Sampling Systems
There were two particle sampling systems constructed
for use in this study.One system was used to sample the
generated aerosol within the settling chamber just
upstream of the sonic or supersonic nozzle.Since
aerosol velocities in the settling chamber were expected
on the order of only 20 ft/sec (less than Mach 0.05), it
was assumed that correct isokinetic sampling procedures
would give an accurate representation of the size
distribution and mass concentration of the particles in
the generated aerosol.The other sampling system used
small bore probes to sample particles within the
potential core of near sonic or supersonic free jets.
Data from both systems were compared to determine the
representativeness of the free jet sample.
Except for certain size differences, the two
sampling systems were identical.For example, the
settling chamber sampler had a probe with a 20.0 mm132
(0.782 in) inlet diameter and a 1/2 hp vacuum pump (Gast
model 0822) while the free jet sampler had a set of four
probes with inlet diameters which ranged between 2.76mm
(0.109 in) and 5.15 mm (0.177 in) and a 3 hp vacuumpump
(Gast model 5565).In both samplers the stearic acid
particles were collected on 142 mm diameter, 0.4 micron
pore size Nuclepore polycarbonate membrane filters.The
filters were supported in double o-ring sealed stainless
steel filter enclosures which were specially designed
and constructed for tight positive pressure orvacuum
operation (10)(See Figure A-12).From the probe inlet
up to the filter housings both samplers employed
stainless steel tubing and Swagelok or Brazetyte tube
fittings; downstream of the filter housing 1/2"or 3/4"
galvanized pipe fittings were employed.
Since both aerosol sampling systems had an orifice
meter to measure the sampling flow rate located
downstream of the vacuum pump, it was necessary to
determine if pump leaks were significant relative to
the total sampling rate.To determine pump leaks, the
sampling probe inlet was blocked and the vacuumpump
was operated such that outlet air was recycled to pro-
vide the pump inlet air; any overflow air (i.e. leaks)
passed through a wet test meter or calibrated orifice
meter.Pump vacuum was adjusted with a needle valve
located between the pump inlet and outlet.The8 7 6 5
S .75- 30,1.0 -ree74, PORKER
7 14EA H. NKR X¢ uLt- TC t
G, NO12114,1%31,171.1 17,8 .0, -17
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Figure A-12.Polycarbonate filter holder assembly.
2134
settling chamber pump had a maximum inboard leak of 0.04
scfm at 10" Hg vacuum while the free jet pump had an
outboard leak of 0.27 scfm at 13" Hg vacuum and an
inboard leak of 0.55 scfm at 16" Hg vacuum.Since the
settling chamber isokinetic sampling rates ranged from
4.88 to 12.41 scfm, the settling chamber pump leak rate
was negligible.Free jet isokinetic sampling rates
ranged from 7.0 to 19.9 scfm and, therefore, the pump
leak constituted 3-4% of the total measured flow.Pump
vacuum ranged from 13" Hg (for Me = 0.6, 0.8 and 1.47)
to 16" Hg (for Me = 1.26) to achieve isokinetic sampling
rates.It is important to note that except for sampling
rates approaching isokinetic (i.e., U/Uo > 0.8), it was
not necessary to use the free jet sampling pump to
achieve the desired subisokinetic sampling rates in the
free jet.The sampling system set points are discussed
more thoroughly in Appendix C.
The set of free jet sampling probes consisted of
three that were used to evaluate probe wall effects and
one that was used to determine the effect of anisokinetic
sampling in near sonic and supersonic free jets.
The inlet dimensions of the probes were chosen to be
representative of probe designs currently used in gas
turbine exhaust sampling.The supersonic probe was
designed and fabricated by Aerotherm Acurex Corporation.
It is a reproduction of a probe inlet that Aerotherm used135
in a prototype aircraft sampling system which they
developed under contract with the Air Force and the
Navy.(10).
The Aerotherm sampling probe, shown in Figures 12
and 13, is designed as a divergent supersonic inlet.For
low supersonic Mach numbers (less than Mach 1.6) the
divergent inlet portion should, with sufficiently low
back pressure, accelerate the flow to the vicinity of
Mach 2.The flow is decelerated in a shock pattern
within the constant area cross section immediately
downstream of the divergent inlet.The installation of
the constant area cross section enhances the pressure
recovery characteristics of the probe and also promotes
flow uniformity because the non-uniform flow which occurs
in the vicinity of the normal shock is not permittted to
enter the subsonic divergent portion of the probe.It
should be noted that the supersonic inlet portion of the
sampling nozzle has an intentional surface roughness to
reduce the tendency of the shock to move once it is
swallowed by the probe.
The settling chamber sampling probe and a
representative subsonic free jet sampling probe are shown
in Figures A-13 and A-14.Excluding the vacuum pumps and
components downstream of the pumps, both samplers were
hydrostatically tested at a pressure of 225 psig.136
I11
Knife edged probe tip
0.782 inchI.D., Approx. 4° taper
1.50R
Brazetyte
Tube fitting
(silver soldered)
Stainless Steel
Tubing, 1.0 inch 0.D.,0.902 I.D.
Material: 304 or 316L
Stainless Steel
Figure A-13.Settling chamber samplingprobe inlet.137
a. General Exterior Profile (1/2scale approx.)
13rozetyte tube fittings
(silver soldered)
b. Detail of Inlet Section (fullscale approx.)
silver soldered joint
8° cone angle
Material: 303 and 304 StainlessSteel
Figure A-14.Subsonic free jet samplingprobe.138
APPENDIX B
FREE JET AIR FLOW SYSTEM BASELINEDATA139
A.Determination of true exit Mach number for
supersonic flow nozzles.
The supersonic flow nozzles had design exit Mach
numbers of 1.3 and 1.5.Initially, it was necessary to
determine the true operating characteristics of these
nozzles.This was accomplished by experimentally
measuring the total or stagnation pressure, Pt, upstream
of the nozzle when the free jet was properly expanded,
that is, when the nozzle exit static pressure equalled
ambient pressure.The true exit Mach number was
determined from charts for compressible flow (61) based
on the calculated ratio of exit static pressure to total
pressure.The total pressure was measured in the
settling chamber using a total pressure tube connected to
a large dial calibrated pressure gage (Wallace and
Tiernan Model FA234, S/N LL07542).Proper expansion of
the supersonic jet was accomplished by connectinga
static pressure tap located at the nozzle exit toa
differential pressure gage (Dwyer Magnehelicgage, 0-25
in H2O range) and adjusting Pt until the gage readzero
(i.e., PexitPamb ' 0).Ambient pressure was measured
with a laboratory quality mercury barometer.140
Since each nozzle had multiple pressure taps located
around the circumference of the nozzle exit, the
procedure described above was repeated for four different
pressure taps and the average Pt necessary to achieve
proper expansion was used to calculate the ratio Pamb
Pt
and determine the exit Mach number, Me from compressible
flow charts.
For example:
For nozzles with design exit Mach numbers of 1.5 and
1.3 determine the true exit Mach numbers.
From barometer,
ambient pressure, Pamb, = 765.2 mmHg = 14.799 psia.
Establish properly expanded nozzle flow by adjusting
Pt such that PambPexit = 0.
The following Pt's were measured when PambPexit =
0 at four different nozzle exit pressure taps.
Nozzle Exit Total Pressure, Pt Total Pressure, Pt
Pressure TapM1.5 Nozzle (psia) M1.3 Nozzle (psia)
1 51.4 38.4
2 52.0 38.6
3 52.0 38.4
4 52.2 39.4
For M1.5 nozzle,
Pt = 51.9 psia
aveand
Pamb= 14.8 = 0.285
Pt 51.9
ave
and from compressible flow chart for air,
Me = 1.47
For M1.3 nozzle,
and,
Pt
ave
= 38.7 psia
Pamb = 14.8 = 0.382
Ptave
38.7
141
and from compressible flow chart for air,
Me = 1.26
Calibration data for the large dial pressure gage
used to measure Pt is given in Table B-1.Calibration
was accomplished using a quartz gage standard at the NASA
Ames Research Center calibration facility.
The subsonic flows, Me = 0.6 and 0.8 were
established by adjusting Pt to give the appropriate
Pamb/Pt ratio as given in compressibility charts for
subsonic flow. For Me = 0.6, Pamb/Pt = 0.784 and for
Me = 0.8, Pamb/Pt = 0.656.Table B-1.Pressure calibration for large dialpressure gage'.
OBSERVED
STANDARD PRESSURE (psig)
READING RUN 1 RUN 2 RUN 3
0.00 0.00 0.00 0.00
5.00 5.12 5.04 5.08 10.00 10.12 10.08 10.13 15.00 15.10 15.12 15.09 20.00 20.13 20.10 20.09 25.00 25.00 24.97 24.99 30.00 30.10 29.96 30.01 35.00 35.09 34.90 35.00 40.00 40.06 39.82 39.86 45.00 45.01 44.85 44.83
50.00 50.02 49.85 49.98
55.00 55.02 54.89 54.88 60.00 60.05 59.97 60.05 65.00 65.01 64.84 64.90 70.00 70.00 69.82 69.96 75.00 75.00 74.86 74.95
80.00 79.84 79.79 79.91
85.00 84.80 84.75 84.86
90.00 89.82 89.82 89.91 95.00 94.84 94.80 94.90 100.00 99.79 99.82 99.88
1 Wallace and TiermanModel FA234 S/N LL07542 Range 0-300 psigcalibrated 10-16-75.143
For day-to-day operation of the free jet system, the
appropriate Pt was determined by measuring ambient
atmospheric pressure, P-amb, in mm Hg and calculating the
operating gage pressure, P't from the relationships given
in Table B-2.
Table B-2.Settling chamber gage pressures for desired
nozzle exit Mach numbers
Desired Nozzle
Exit Mach Number
(Me)
Settling Chamber
Pressure, P't
(psig)
0.6
0.8
1.26
1.47
0.00533 Pambl
0.0101 Pamb
0.0312 Pamb
0.0484 Pamb
1 ambient pressure measured in mm Hg.
B. Settling chamber velocity profiles
To determine the velocities required for eventual
isokinetic sampling in the settling chamber, it was
necessary to perform x-y velocity traverses.These were
accomplished using a stainless steel pitot tube attached
to a Dwyer Magnehlic gage (0-0.25 in H2O range).
Velocity pressures were measured at 1 inch intervals from144
the chamber wall in the x and y orientation fora total
of 22 points for each Me (i.e., 0.6, 0.8, 1.26,and 1.47)
(Figure B-1).These traverses were repeated three times
for Me = 0.6 and 0.8 and once for Me= 1.26 and 1.47.
Air velocity was calculated by:
1/2
V (ft )= 18.278(by)
sec
where
p= air density = 1.325 x Et. lbs
Tt 77t3"
Pt = stagnation pressure (in Hg)
Tt = absolute temperature (R)
by = velocity pressure in H2O
Tables B-3 and B-4 give these data.
(B-1)Y
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All points at
1 inch increments
Figure B-1.Settling chamber airvelocity measurement
locations.Table B-3.Settling chamber air velocityprofiles.
Measurement
Nozzle exit Mach no. (Me)
0.6 0.8 1.26 1.47
Velocity Location Velocity (ft/sec) Velocity (ft/sec) (ft/sec)
Velocity
(ft/sec)
Run 1Run 2Run 3 Run 1Run 2Run 3 Run 1 Runt
1 16.5 16.6 17.0 19.5 19.6 19.8 19.0 16.7 2 16.8 17.4 17.4 20.3 20.5 20.8 19.5 17.1 3 17.6 17.7 17.9 20.8 21.0 21.1 20.0 17.4 4 18.3 18.6 19.2 20.3 21.0 20.9 20.1 17.8 5 18.7 19.0 19.2 21.0 21.3 21.5 20.2 18.2 6 18.9 19.2 19.9 21.1 21.2 21.4 20.1 17.5 7 18.9 19.1 19.8 21.0 21.1 21.4 19.6 17.1 8 18.2 18.8 19.4 20.9 21.0 21.2 19.4 17.7 9 17.7 17.7 18.7 20.5 20.8 20.9 17.3 16.8 10 16.4 16.9 18.6 19.5 19.5 20.0 19.5 16.3 11 16.2 16.8 17.6 18.0 18.2 18.2 16.3 17.1 12 17.5 17.7 18.0 19.1 19.1 19.4 19.8 18.6 13 17.4 17.4 17.6 19.8 20.1 20.3 19.1 17.7 14 17.8 17.9 18.5 20.1 20.3 20.5 19.5 17.1 15 18.1 18.6 19.0 20.8 21.1 21.1 19.9 17.6 16 18.8 19.0 19.4 21.2 21.2 21.3 20.4 18.0 17 19.2 19.7 20.0 21.5 21.6 21.6 20.5 18.5 18 18.3 18.6 19.0 21.2 21.8 21.8 20.3 18.2 19 18.5 18.5 19.0 20.5 20.9 21.1 18.7 18.1 20 18.1 18.3 19.0 20.8 21.0 21.0 19.3 17.9 21 18.2 18.3 19.1 20.8 21.0 21.1 19.6 17.8 22 18.1 18.1 18.9 21.2 21.2 21.4 19.9 18.2 Average 17.9 18.2 18.7 20.5 20.7 20.8 19.5 17.6Table B-4.Settling chamber air velocityprofile summary.
Nozzle exit Mach no. (Me)
0.6 0.8 1.26 1.47
(1)Average velocity (ft/sec) 18.3 20.7 19.5 17.6
Average velocity (m/sec) 5.6 6.3 5.9 5.4
(2)Average centerline
velocity (ft/sec)
19.5 21.4 20.1 18.0
Average centerline
velocity (m/sec)
5.9 6.5 6.1 5.5
(2) - (1) X 100 (%) 5.1 3.0 3.2 1.8 (2)
Maximum difference (%)
between (2) and lowest
measured velocity
14.4 15.4 16.4 9.4148
C. Nozzle exit velocity profiles.
To avoid shock wave interaction effects, it was
desirable to locate the free jet sampling proble within
the potential core where the jet velocity is equal to the
nozzle exit velocity.Fourteen point velocity traverses
were made in the free jet 1.3 cm downsteam of the nozzle
exit to confirm that this location was in the potential
core.Total pressure was measured across the 5.08 cm
(2 inch) diameter nozzle in 0.63 cm (0.25 inch)
increments.Total pressure measurements were made using
a total pressure tube connected to a calibrated
transducer (0-100 psi range) equipped with a digital
display.The transducer was calibrated immediately
before and after each set of pressure measurements using
a calibrated large dial pressure gage (Table B-1).
Figure B-2 shows the measurement locations.Mach number
was determined by calculating the ratio of static
pressure, P1, (i.e., ambient pressure) to the measured
total pressure, Pt and then using this ratio to
interpolate compressibility tables for air (61).Table
B-5 gives these data.149
Sampling points
at 1/4" increments
Figure B-2.Free jet air velocity measurement locations.Table B-5.Free jet velocity profiles downstreamof nozzle exit.
Nozzle exit Mach no. (Me)
0.6 0.8
Measurement
Location' Pt(psia) P1 /Pt M Pt(psia) Pi/Pt
1 18.95 0.7810 0.605 22.48 0.6584 0.796
2 18.98 0.7798 0.607 22.43 0.6598 0.794
3 18.95 0.7798 0.607 22.50 0.6577 0.797
4 18.98 0.780 0.606 22.48 0.6584 0.796
5 18.93 0.7818 0.603 22.45 0.6592 0.795
6 18.90 0.783 0.601 22.48 0.6584 0.796
7 18.93 0.7818 0.603 22.45 0.6592 0.795
8 18.93 0.7818 0.603 22.45 0.6592 0.795
9 18.95 0.7810 0.605 22.45 0.6592 0.795
10 18.95 0.7810 0.605 22.41 0.6604 0.793
11 18.95 0.7810 0.605 22.45 0.6592 0.795
12 18.93 0.7818 0.603 22.45 0.6592 0.795
13 18.98 0.7798 0.607 22.48 0.6584 0.796
14 18.95 0.7810 0.605 22.43 0.6598 0.794
Average M 0.605 0.795
1 All measurements were made 1.3cm downstream of nozzle exit.Table B-5.(Continued)
Nozzle exit Mach no. (Me)
1.26 1.47
Measurement
Location' Pt(psia) P1 /Pt M Pt(Psia) P1 /Pt
1 38.25 0.3869 1.259 48.4 0.3058 1.462
2 38.25 0.3869 1.259 48.1 0.3077 1.456
3 38.35 0.3859 1.261 48.2 0.3071 1.458
4 38.25 0.3869 1.259 48.2 0.3071 1.458
5 37.90 0.3905 1.259 48.1 0.3071 1.458
6 38.25 0.3869 1.259 47.8 0.3096 1.451
7 38.25 0.3869 1.259 48.1 0.3077 1.456
8 38.25 0.3869 1.259 48.6 0.3045 1.465
9 38.25 0.3869 1.259 48.7 0.3039 1.467
10 38.15 0.3879 1.257 48.5 0.3052 1.463
11 38.25 0.3869 1.259 48.5 0.3052 1.463
12 38.00 0.3895 1.253 48.2 0.3071 1.458
13 38.25 0.3869 1.259 48.7 0.3039 1.467
14 38.25 0.3869 1.259 48.7 0.3039 1.467
Average M 1.258 1.461
1 All measurements were made 1.3cm downstream of nozzle exit.152
D. Free jet system flow parameters.
Table B-6 gives the nominal isentropic flow and
normal shock parameters for the free jet airflowsystem.
The basic assumptions for these dataare:
1.Ratio of specific heats for air= 7 = 1.4
2.Total temperature, Tt, in settling chamber=
530R.
3. Ideal gas behavior
4. Nozzle exit static pressure,-exit P = 14.7 psia
In actual practice, Tt ranged from 520- 537R and
Pexitfrom 14.7 to 14.9 psia.The parameter ratios given
in Table B-6 are from standard compressible flowtables.
The mass flow, G, was calculated using equation B-2for
the subsonic Mach numbers and equation B-3 for the
supersonic Mach numbers.
1
I
ail' riE )12 /7 IP 10 +1 ) /7]
G = APt ( If -...1 ) RgTtkPt, kPt? (B-2)
ti
Q-r(2) 7 1
G =
*PtRgTt 7 + 1 (B-3)
In Table B-6, subscript 1 refers to conditions just
upstream of a normal shock and subscript 2 justdown-
stream of a normal shock.Table B-6.Nominal isentropic flow and normal shock
data for free jet system.
Nozzle exit
Mach no. (Me)
Pressure ratio,
Pexit/Pt
Settling chamber
stagnation
pressure, Pt(psia)
Nozzle exit area
to throat area
ratio, A/A*
Nozzle temperature
ratio, Texit
Tt
Texit, (R)
153
0.6 0.8 1.26 1.47
0.784 0.656 0.381 0.285
18.75 22.40 38.59 51.67
1.0 1.0 1.050 1.156
0.933 0.886 0.759 0.698
494 470 402 370
Stagnation
air density, pt
(lbs/ft3) 0.0954 0.1141 0.196 0.263
Nozzle air
density ratio,
Pexit 0.84 0.74 0.50 0.41
Pt(lbs/ft3)
Nozzle exit
air density,
Pexit (lbs/ftl) 0.080 0.084 0.098 0.107
Air mass flow,
G (lbs/sec) 1.14 1.57 2.66 3.24
M2 - 0.81 0.71
P2 /P1 1.69 2.35
P2 /P1 - 1.45 1.81
T2 /T1 1.17 1.30154
APPENDIX C
ORIFICE METER CALIBRATION
AND
SAMPLING SYSTEM SET POINTS155
A. Orifice meter calibration.
A set of three sharp-edged orifice flow meters were
used to determine the air flow rates through the particle
sampling systems.The orifice meters were located in the
sampling systems according to accepted practice;
approximately 50 pipe diameters downstream and 10 pipe
diameters upstream of any flow obstruction.Flow
calibration of each orifice was accomplished by a method
involving the use of a saran or plastic bag, with a known
(calibrated) volume (60); bags with a volume of 10.9 ft3
and 20.7 ft3 were used.After the bag was evacuated and
connected to the orifice exhaust, a pump was turned on
and the time for the bag to fill was recorded.The bag
was considered full when a differential pressure gage
connected between the bag and ambient indicated 0.15 in
H20.For each calibration run the following information
was recorded:
1. Run number
2. Orifice pressure drop
3. Elapsed time to fill bag
4. Ambient pressure
5. Pressure drop between the downstream orifice
tap and ambient.
6.Orifice temperature156
7. Ambient temperature
8. Bag temperature
Differential pressures were measured using Dwyer
Magnehelic differential pressure gages (accuracy is
within 2% of full scale) and temperatures were measured
using mercury in glass thermometers.
The basic flow equation for a sharp-edged orifice
is (68):
Qm = C' [hwPf1112 (C-1)
where:
Qm = Volumetric flow rate at desired conditions
(ft3/min)
hw = Orifice pressure differential (in H2O)
Pf = Flowing pressure (absolute pressure at
downstream orifice tap) (Lbsf/in2)
[hwPf0= Pressure extension
C' = "Constant"
= Fb.Fpb.Ftb.Fg.Ftf.Fr.Y.Fpv.Fm (C-2)
where:
Fb= Basic orifice factor (unknown)
Fpb = Pressure base factor = 14.73/Pb
Ftb = Temperature base factor = (460+Tb)/520
Fg= Specific gravity factor = 1157
Ftf = Flowing temperature factor = [520/(460+Tf)] 1/2
Fr= Reynolds number factor = 1 + [b/(hwPf) 1/2]
Fpv = Supercompressibility factor = 1
Fm= Manometer factor = 1
Y= Expansion factor = 1
Pb= Base pressure (pressure at which Qm is
determined (Lbf/in2)
Tb= Flowing temperature (temperature at downstream
orifice tap) (F)
b = Unknown constant [(in H2O x Lbf/in2 )1/2]
Thus,
C' = Fb [14.73][460+Tb][520 ] 1/21 + b
Pb 520 460+Tf (hwPf)1/?
tC-3)
In general, base conditions may be selected
arbitrarily at the values for the desired flow
conditions.This allows determination of the flow rate
at desired conditions rather than at existing actual
conditions.However, for calibration purposes, the
measured volume is at some actual condition of
temperature and pressure.Therefore, in this case, Tb
and Pb must refer to actual bag conditions if theactual
bag volume is to be used.
In the present case, each data pointwas converted
to represent the values which would have existed if the158
bag had been at standard conditions (i.e.,Pb = 14.7 psi
and Tb = 60F = 520F).This was accomplished as follows.
Define a new "constant".
C = Fb[1+b (C-4)
(hwPf)1/21
So that,
Qm =C[14.7] [460+T][520 11/2[iwpf]1/2(c_5)
Pb 520 460 + Tf
Qm = C.x.y.z.[hwPf] 1/2
or,
C = Qm
x.y.z.[hwPf] 1/2
(C-6)159
The value of C was determined for each data point in
the calculation.That is, setting,
Qm = Bag volume/time to fill
Pb = Actual bag pressure = barometricpressure
Tf = Actual flowing temperature
Tb = Actual bag temperature =
ambient temperature + flowing temperature
2
hw = Actual orifice differential pressure
Pf = Actual flowing pressure
Then, for each point,
Qb = C[ 520] 1/2 piwpfi 1/2 (C-7)
460 + Tf
where Qb is the volumetric flow rate at standard
conditions.
Figures C-1 through C-7 give calibration data for
all three orifice flow meters.Orifice meter number 1
had an ID of 0.4 inch; number 2, 0.5 inch; andnumber 3,
0.7 inch.Figure C-8 shows the relationship between
pressure extension, (hwPf)1/2, and orifice pressure drop,
hw..4 6
Pressure Extension (hvipt)//2 (in. F120 ps1)1/2
Figure C-1.Calibration data for orifice meter number one.
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Pressure Extension (hw pf )
1/2(in. H20.psi)
1/2
Figure C-2.Calibration data for orifice meter number one.
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Figure C-3.Calibration data for orifice meter number one.
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Figure C-4.Calibration data for orifice meter number one.32
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Figure C-5.Calibration data for orifice meter number two.3
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Figure C-6.Calibration data for orifice meter number two.14
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Figure C-7.Calibration data for orifice meter number three.
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Figure C-8.Pressure extension versus orifice pressure drop.168
B. Isokinetic sampling conditionsfor the settling
chamber.
The following examplecalculations illustrate the
methodology for achievingisokinetic sampling in the
settling chamber.Table C-1 gives the sampling
parameters assuming Tt= 530R.Since the sampling
location for thepurpose of determining Cowas on the
centerline of the settlingchamber, the average measured
centerline velocitieswere used to determine the
appropriate sampling rate.
For Table C-1,
QA= V Ap (60 sec) (C-8)
min
and,
QA Pt (C-9)
Pstd
where,
A = inlet area of settling chambersampling
probe
= 0.00334 ft2
Pstd = density of air at standard conditions
= 0.076 Lb/ft3
Note that the orificemeter calibrationcurves
(Figures C-1 to C-7)are drawn for Tf = 530F andPf =
14.7 psia.For actual experimentalconditions Tf for theTable C-1.Isokinetic sampling conditions forsettling chamber.
Actual Standard
Nozzle VolumetricVolumetric Isokinetic Exit Average StagnationIsokineticIsokinetic IsokineticPressure Mach CenterlineAir Sampling Sampling Flow Pressure Differen- No. Velocity,VDensity,ptRate, QA Rate, Q OrificeExtension,tial hw
(Me) (ft/sec) (lbs/ft3) (acfm) (scfm) (No.) (hwpf)1/2 (in H20)
0.6 19.5 0.0954 3.91 4.88 1 13.7 12.8
0.8 21.4 0.114 4.29 6.39 1 18.9 24.4
1.26 20.1 0.196 4.03 10.33 2 5.7 2.2
1.47 18.0 0.263 3.61 12.41 2 7.0 3.3170
settling chamber samplingsystem orifice meter ranged
from 528 - 540R and Pf from14.7 - 14.9 psia.
C. Sampling flowrate conditionsfor the free jet.
The following examplecalculations illustrate the
methodology for establishingthe desired sampling
velocity, U, for the samplingprobes used for sampling in
the free jet.The illustration is basedon Tt = 530R.
In actual experiments, Tt rangedfrom 520-537R.
For sampling probe number 4, thearea of the probe
inlet, Ab, was 1.71x 10-4 ft2.The isokinetic sampling
velocity, Uo, is given by:
where,
Uo = M(7RgT)1/2 (C-10)
R = 1716 ft2 for air
sec2R
7 = 1.4 = ratio of specific heats
For Me = 0.8, Texit= 0.8865and Texit = 470R
Tt
From equation C-10,
Uo = 850.1 ft
sec
For Me = 0.8,Pexit = 0.084 Lbs/ft3
Therefore, the mass flow throughthe probe, G, forisokinetic sampling with probenumber 4 is:
G = Pexit Uo Ab
G = 0.0122 Lb/sec
171
(C-11)
The required volumetric samplingrate at standard
conditions, Q, is given by:
G = G x 60 sec
Pstd min
For the example,
Q = 0.0122 Lb x 60 sec = 9.57 scfm
sec
0.0764 Lbs
fT3
(C-12)
From the calibrationcurve for orifice meter number
2, for Q = 9.57 scfm,
(hwpf)1/2= 5.6andhw=2.1"H20
Note that orifice meter calibrationcurves are drawn
for Tf = 530R and Pf= 14.7 psia.In actual experiments
Tf, for the free jet orificemeters, ranged from 528-549F
and Pf from 14.7- 14.9 psia.
Table C-2 summarizes thesampling flowrate
conditions for the free jet.The data in Table C-2were
calculated using the approachoutlined for probe number 4
and Me = 0.8.The following probe inletareas were172
used:
Ab(probe1)=6.48x10-5ft2
Ab(probe2)=1.33x10-4ft2
Ab(probe3)=2.25x10-4ft2
In Table C-2, the orifice meterinformation is
illustrative.Generally, the orifice meterswere
interchangeable and were selectedfor a specific
experiment to yield measurablepressure differentials.
For example, for Me at 0.6or 0.8 with U/Uo = 0.1 or 0.2,
orifice meter no 1 was usedso that hw was in the range
of 1-2 in H20.
For the supersonic cases, equationC-10 becomes,
Uo= M1 (1,RgT1) 1/2
and,
U0=M2 (yRgT2) 1/2
For these cases, Table C-2 includesvalues of U,
Uo
and U.
U0
(C-13)
(C-14)
For example, where Me= M1 = 1.26
U'o = 1.26 (1.4 x 1716x 402)1/2
U'0 = 1238 ft/sec
and since, T2/T1= 1.17T2 = 470Rand M2 = 0.81
U0 = 0.81 (1.4 x 1716x 470)1/2
U0 = 856 ft
secTable C-2.Summary of sampling flowrate conditions forfree jet.
Sampling Probe Mass Probe Exit Mach U U U ft flow, G(Lbs/sec) No. No. Me U0 U'0 sec (x 103)
1
2
3
4
4
4
4
0.8
0.8
0.8
0.6
0.8
1.26
1.47
1
1
1
1
1
1
1
-
-
-
1
1
850
850
850
654
850
1238
1386
4.63
9.48
16.1
8.94
12.2
20.8
25.4
4 0.6 0.1 - 65.4 0.89
4 0.6 0.3 - 196 2.68
4 0.6 0.5 - 327 4.47
4 0.6 0.7 - 458 6.26
4 0.6 0.9 589 8.05
4 0.8 0.1 85 0 1.22
4 0.8 0.3 - 255 3.66
4 0.8 0.5 - 425 6.10
4 0.8 0.7 - 595 8.54
4 0.8 0.9 - 765 11.0
4 1.26 0.14 0 1 124 2.08
4 1.26 0.43 0 3 371 6.24
4 1.26 0.72 0 5 619 10.4
4 1.26 1.01 0 7 867 14.6
4 1.26 1.30 0 9 1114 18.7
4 1.47 0.18 0.1 139 2.54
4 1.47 0.54 0.3 416 7.61
4 1.47 0.91 0 5 693 12.7
4 1.47 1.27 0.7 970 17.8
4 1.47 1.63 0.9 1247 22.8Table C-2.(Continued)
Probe Exit Mach Standard Volumetric
No. No. Me Probe Flow, Q (scfm)
Orifice
Meter No.
Orifice Meter
Pressure
Extension
(hwPf)1/2
Orifice Meter
Pressure
Differential,
hw (in H20)
1 0.8 3.63 2 2.14 0.32 2 0.8 7.44 2 4.33 1.28 3 0.8 12.6 2 7.30 3.65 4 0.6 7.01 2 4.08 1.14 4 0.8 9.57 2 5.55 2.10 4 1.26 16.3 3 9.20 5.75 4 1.47 19.9 3 11.1 8.30 4 0.6 0.70 2 0.40 0.01 4 0.6 2.10 2 1.23 0.11 4 0.6 3.51 2 2.05 0.29 4 0.6 4.91 2 2.88 0.57 4 0.6 6.31 2 3.70 0.94 4 0.8 0.957 2 0.53 0.02 4 0.8 2.87 2 1.68 0.19 4 0.8 4.78 2 2.82 0.54 4 0.8 6.70 2 3.90 1.03 4 0.8 8.61 2 5.00 1.70 4 1.26 1.63 3 0.92 0.06 4 1.26 4.89 3 2.70 0.5 4 1.26 8.16 3 4.50 1.40 4 1.26 11.4 3 6.30 2.70 4 1.26 14.7 3 8.15 4.50 4 1.47 1.99 3 1.12 0.09 4 1.47 5.97 3 3.31 0.75 4 1.47 9.94 3 5.55 2.10 4 1.47 14.0 3 7.74 4.08 4 1.47 17.9 3 9.90 6.68
....)
.p.175
APPENDIX D
DETERMINATION OF STEARICACID
RESIDUES BY GAS-LIQUIDCHROMATOGRAPHY (GLC)176
Part A of this appendixwas prepared by Stoner
Laboratories Inc., Santa Clara,California.It was
designated Technical Reportnumber 50637.
A.Methodology
1. Scope
This method is designed forthe determination of stearic
acid that is (1) retainedon 142 mm diameter Nuclepore
polycarbonate membrane filtersand (2) present in acetone
solutions.
2. Principle
The principle of this procedureis the conversion of
stearic acid and heptadecanoicacid (internal standard)
to the corresponding methylesters and their subsequent
identification and quantitationby gas-liquid
chromatography.
3. Experimental
Reagents
a. Stearic acid, Emersol 153 95
b. n-Heptadecanoic acid (97%),Aldrich Chemical
Company, Inc., Milwaukee,Wisconsin
c. Diethyl ether, nanogradereagent177
d.Acetone, distilled
e. Diazomethane ethereal solution.Made from
"Diazald", according to thedirection of the manufacturer
(Aldrich Chemical Company,Inc., Milwaukee, Wisconsin)
Apparatus
a. Laboratory shaker
b.Water bath
c. Gas chromatographs
Tracor, Model MT-220, equippedwith a
flame ionization detectorand U-shaped glass columns
containing either 3% OV-1or 3% OV-17.
Hewlett-Packard, Model 5730A,equipped
with a flame ionizationdetector and spiral glasscolumn
containing 2% OV-101on Gas Chrom Q.
GLC Operating Conditions
a. Column oven:operated isothermally between
190-210C
b. Inlet, 250C
c. Detector, 300C
d.Carrier gas, purifiedN2
e. Recorder, 1 my
f. Chart speed, 15 inchesper hour
Procedure
Analysis of NucleporePolycarbonate Filters
a. Filters are transferredcarefully into 25
x 200 culture tubes.Twenty milliliters of diethylether178
is added to each tube.To the resulting solutionsis
added a known quantity ofheptadecanoic acid (internal
standard).The tubes are tightly cappedand shaken
mechanically for ten minutes.
b. The extracts are then decantedinto 50 ml
bottles.
c. An aliquot (1-2 ml) of eachsample is
placed into individual 15 mlcentrifuge tubes and
methylated with etherealdiazomethane, allowing each tube
to stand for a minimum often minutes.
d. The samples are dilutedto an appropriate
volume with acetone.Quantitative determination ofthe
methyl esters is made byGLC using a flame ionization
detector.
Analysis of Acetone Solutions
a.A known quantity of heptadecanoicacid
(internal standard) is addedto each acetone solution.
b. The solutions are evaporatedin a water
bath to approximatelytwo milliliters and cooled.
c. The remaining concentratesare methylated
with ethereal diazomethane,and allowed to stand fora
minimum of ten minutes.
d. Quantitative determination ofthe methyl
esters is made by GLC, usinga flame ionization
detector.179
Preparation of Standard Ratios
a. Ten milligrams n-heptadecanoic acid
(internal standard) is combinedwith standards of five
and ten milligrams stearicacid.Each mixture is
methylated as described in theprevious sections.
b. Determination of the ratio of peakheights
of n-heptadecanoic acid(internal standard) and stearic
acid in each standard is madeby GLC, using a flame
ionization detector.
Fortification and Analysis of Nuclepore
Polycarbonate Membrane Filters
a.A series of untreated Nuclepore
polycarbonate membrane filters isfortified with stearic
acid at various concentrationsand stored at room
temperature up to seven days (TableD-1).
b. Following timed storage, the filtersare
analyzed as described previously.
Fortification and Analysis ofAcetone Solutions
a. A series of untreated acetonesolutions is
fortified with stearic acidat various concentrations and
stored at room temperatureup to seven days (Table D-2).
b. Following storage, the solutionsare
analyzed as described previously.180
4. Results and discussion
Stearic acid cannot be directlygas chromatographed.
Consequently, the analyticalprocedure is based on the
measurement of the correspondingmethyl ester.The ester
is easily formed bytreatment with ethereal diazomethane.
Table D-1.Fortification and storage ofNuclepore
polycarbonate filters.
Level of Storage Sample Fortification Interval Code Stearic Acid (mq) (Day's)
A-1 0 0 A-2 0 2 A-3 0 4 A-4 0 7
B-1 2 0 B-2 2 2 B-3 2 4 B-4 2 7
C-1 5 0 C-2 5 2 C-3 5 4 C-4 5 7
D-1 10 0 D-2 10 2 D-3 10 4 D-4 10 7
To eliminate any errors dueto incomplete
esterification, spillage,or volatization of the esters,
all determinationsare based on an internal standard(the
methyl ester of n-heptadecanoicacid).The typical
ratios between stearic acidand n-heptadecanoic acidare181
given in Table D-3.
The applicability of thisgas chromatographic method
for determining residues ofstearic acid was demon-
strated on a number of Nucleporepolycarbonate filters
and acetone solutions.Recovery of stearic acid added to
untreated filters and acetonesolutions averaged 101% and
102%, respectively,over the range of one to ten
milligrams (Tables D-4 and D-5).
Table D-2.
Sample
Code
Fortification and storage ofacetone
solutions.
Level of Storage
Fortification Interval
Stearic Acid (mg) (Days)
A'-1 0.5 0
A'-2 0.5 3
A'-3 0.5 7
B'-1 1.0 0
B'-2 1.0 3
B'-3 1.0 7
C'-1 5.0 0
C'-2 5.0 3
C'-3 5.0 7
D'-1 0.0 0
D'-2 0.0 3
D'-3 0.0 7182
Table D-3.Standard ratios between stearicacid and
n-heptadecanoic acid.
Standard Ratio
5. mg stearic acid/10.mg
n-heptadecanoic acid 0.33
10. mg stearic acid/10.mg
n-heptadecanoic acid 0.67183
Table D-4.Recovery of Stearic acid from Nuclepore
polycarbonate filters.
Sample Recovery
Code mg %
A-1 nd
A-2 nd
A-3 nd
A-4 nd
B-1 2.0 100
B-2 1.9 95
B-3 1.9 95
B-4 2.0 100
C-1 5.2 104
C-2 5.4 108
C-3 5.1 102
C-4 4.9 98
D-1 10.7 107
D-2 10.3 103
D-3 10.0 100
D-4 10.0 100
nd = none detected184
Table D-5.
Sample
Code
Recovery of stearic acid from acetone
solutions.
Recovery
A'-1
_Ma_
0.50 100
A'-2 0.50 100
A'-3 0.52 104
B'-1 1.0 100
B'-2 0.94 94
B'-3 1.0 100
C'-1 5.4 108
C'-2 5.4 108
C'-3 5.3 106
D'-1 nd
D'-2 nd
D'-3 nd
nd = none detected185
B. Stearic Acid Analysis
The stearic acid used in this study was provided by
Emery Industries, Inc., San Francisco, California.The
product designation was Emersol 153 Stearic Acid 95
having a nominal composition of 95% stearic acid (C18 H36
02) and 5% palmitic acid (C16 H32 02) by gas liquid
chromatographic analysis.The lot number was 0610.An
analysis of this lot by Stoner Laboratories gave the
following composition:
Constituent
C18
C12
C14
C16
C17
C20
Composition
(wt%)
94.3
0.51
0.62
3.01
0.25
0.67
Early in the study it was discovered that standard
laboratory sources of stearic acid (i.e., Mallinckrodt)
typically contained up to 50% palmitic acid (C16) making
it unsuitable for this experiment.Important physical
properties of stearic acid are given below:
melting point 69C
boiling point 370C
molecular weight 284.48
density 0.847 gm/ml at 69C
index of refraction 1.4299186
APPENDIX E
COMPARISON OF GRAVIMETRIC AND
GAS CHROMATOGRAPHIC DETERMINATION
OF STEARIC ACID187
The mass of stearic acid collected on the
polycarbonate membrane filters used in both aerosol
sampling systems was determined gravimetrically with pre
and post test filter weighings on an analytical balance
(Mettler Model H54).The same filters were submitted for
gas chromatographic analysis using the method described
in Apppendix D.In this way, gravimetric and gas
chromatographic results were available for the same
samples.Table E-1 lists these paired results and data
for calculation of the t statistic.The clean filters
weighed approximately 150 mg; sample weight gains,
excluding blanks, ranged from 0.75 to 16.0 mg.188
Table
Sample
No.
E-1. Comparison of gravimetric and gas chromoto-
graphic (GC) determinations of stearic acid
collected on polycarbonate filters.
GC Gravimetric
Result Result
,
(mg) (mg) Y Y,
(X1) (X2) (X1-X2) (10y ) y2
1 2.5 2.8 -0.3 -3 9
2 4.2 4.4 -0.2 -2 4
3 8.4 8.6 -0.2 -2 4
4 14.9 15.7 -0.8 -8 64
5 4.0 5.6 -1.6 -16 256
6 7.3 6.9 +0.4 +4 16
7 4.3 4.9 -0.6 -6 36
8 7.8 7.4 +0.4 +4 16
9 4.3 4.6 -0.3 -3 9
10 8.2 7.8 +0.4 +4 16
11 4.9 5.2 -0.3 -3 9
12 9.4 9.4 +0 +0 0
13 4.5 4.8 -0.3 -3 9
14 7.9 8.3 -0.4 -4 16
15 5.9 5.1 +0.8 +8 64
16 11.0 10.3 +0.7 +7 49
17 5.7 4.9 +0.8 +8 64
18 11.0 10.6 +0.4 +4 16
19 5.8 6.8 -1.0 -10 100
20 11.0 11.2 -0.2 -2 4TableE-1. (Continued).
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GC Gravimetric
Result Result
, Sample (mg) (mg) y Y,
No. (X1) (X2) (X1-X2) (10y ) y2
21 5.9 7.0 -1.1 -11 121
22 12.0 10.9 +1.1 +11 121
23 5.7 6.0 -0.3 -3 9
24 12.0 12.6 -0.6 -6 36
25 4.3 4.0 +0.3 +3 9
26 7.5 7.0 +0.5 +5 25
27 4.6 4.3 +0.3 +3 9
28 8.2 8.0 +0.2 +2 4
29 4.4 3.5 +0.9 +9 81
30 8.5 8.0 +0.5 +5 25
31 5.1 4.4 +0.7 +7 49
32 9.7 9.9 -0.2 -2 4
33 4.7 4.0 +0.7 +7 49
34 9.3 8.2 +1.1 +11 121
35 5.8 5.8 0 0 0
36 7.3 7.6 -0.3 -3 9
37 8.9 8.7 +0.2 +2 4
38 5.9 6.0 -0.1 -1 1
39 7.6 7.4 +0.2 +2 4
40 5.5 5.3 +0.2 +2 4
41 4.8 4.5 +0.3 +3 9TableE-1.(Continued).
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GC Gravimetric
Result Result
Sample
No.
(mg)
(X1)
(mg)
(X2)
Y
(X1-X2)
Y,
(10y ) Y
2
42 4.6 4.4 +0.2 +2 4
43 7.9 7.3 +0.6 +6 36
44 4.5 3.4 +1.1 +11 121
45 11.0 10.2 +0.8 +8 64
46 6.0 5.6 +0.4 +4 16
47 11.0 10.1 +0.9 +9 81
48 4.8 5.0 -0.2 -2 4
49 5.8 5.6 +0.2 +2 4
50 3.6 3.8 -0.2 -2 4
51 5.7 5.8 -0.1 -1 1
52 7.8 7.6 +0.2 +2 4
53 5.6 5.6 0 0 0
54 9.1 8.9 +0.2 +2 4
55 4.9 4.8 +0.1 +1 1
56 5.8 5.8 0 0 0
57 3.7 3.8 -0.1 -1 1
58 9.3 9.6 -0.3 -3 9
59 4.6 4.6 0 0 0
60 8.2 8.2 0 0 0
61 5.0 5.1 -0.1 -1 1
62 9.4 9.0 +0.4 +4 16TableE-1.(Continued).
191
GC Gravimetric
Result Result
Sample (mg) (mg)
,
Y Y,
No. (X1) (X2) (X1-X2) (10y ) y2
63 5.3 5.7 -0.4 -4 16
64 11.0 10.4 +0.6 +6 36
65 6.6 4.8 -1.8 -18 324
66 7.9 8.0 -0.1 -1 1
67 4.6 5.9 -1.3 -13 169
68 8.9 8.9 0 0 0
69 3.6 2.8 +0.8 +8 64
70 7.8 8.4 -0.6 -6 36
71 5.2 4.4 +0.8 +8 64
72 9.4 8.1 +1.3 +13 169
73 4.5 4.4 +0.1 +1 1
74 8.1 8.6 -0.5 -5 25
75 4.7 5.0 -0.3 -3 9
76 9.1 9.0 +0.1 +1 1
77 6.7 5.8 +0.9 +9 81
78 14.0 12.7 +1.3 +13 169
79 5.0 5.1 -0.1 -1 1
80 15.0 14.4 +0.6 +6 36
81 15.0 15.3 -0.3 -3 9
82 16.0 15.8 +0.2 +2 4
83 5.4 5.1 +0.3 +3 9TableE-1.(Continued).
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GC Gravimetric
Result Result
Sample (mg) (mg)
,
Y Y,
No. (X1) (X2) (X1-X2) (10y ) Y
2
84 5.8 5.6 +0.2 +2 4
85 8.7 8.7 0 0 0
86 13.0 13.2 -0.2 -2 4
87 5.8 6.0 -0.2 -2 4
88 5.3 5.4 -0.1 -1 1
89 5.8 5.8 0 0 0
90 5.8 5.8 0 0 0
91 7.3 7.6 -0.3 -3 9
92 8.9 8.7 +0.2 +2 4
93 5.9 6.0 -0.1 -1 1
94 7.6 7.4 +0.2 +2 4
95 5.5 5.3 +0.2 +2 4
96 4.8 4.5 +0.3 +3 9
97 4.6 4.4 +0.2 +2 4
98 8.4 7.3 +1.1 +11 121
99 4.5 3.7 +0.8 +8 64
100 11.0 10.2 +0.8 +8 64
101 6.0 5.6 +0.4 +4 16
102 11.0 10.1 +0.9 +9 81
103 4.8 5.0 -0.2 -2 4
104 5.8 5.6 +0.2 +2 4Table
Sample
No.
E-1.(Continued).
GC Gravimetric
Result Result
(mg) (mg)
(X1) (X2)
,
Y
(X1-X2)
193
Y,
(10y ) Y
2
105 3.6 3.8 -0.2 -2 4
106 5.7 5.8 -0.1 -1 1
107 7.8 7.6 +0.2 +2 4
108 5.6 5.6 0 0 0
109 9.1 8.9 +0.2 +2 4
110 4.9 4.8 +0.1 +1 1
111 5.8 5.8 0 0 0
112 3.7 3.8 -0.1 -1 1
113 6.1 6.1 0 0 0
114 3.3 3.4 -0.1 -1 1
115 5.8 6.6 +0.8 +8 64
116 5.7 5.7 0 0 0
117 4.8 5.0 -0.2 -2 4
118 2.2 2.2 0 0 0
119 5.5 5.9 -0.4 -4 64
120 9.0 9.3 -0.3 -3 9
121 5.9 6.4 -0.5 -5 25
122 12.0 11.9 -0.1 -1 1
123 5.5 5.6 -0.1 -1 1
124 6.4 6.8 -0.4 -4 16
125 9.9 10.4 -0.5 -5 25TableE-1.(Continued).
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GC Gravimetric
Result Result
Sample (mg) (mg)
,
Y Y,
No. (X1) (X2) (X1-X2) (10y ) y2
126 4.8 4.9 -0.1 -1 1
127 6.2 6.7 -0.5 -5 25
128 5.0 5.1 -0.1 -1 1
129 7.9 7.8 -0.1 -1 1
130 5.8 5.1 -0.7 -7 49
131 8.7 8.4 +0.3 +3 9
132 3.5 3.2 +0.3 +3 9
133 5.0 5.1 -0.1 -1 1
134 5.8 5.6 +0.2 +2 4
135 7.7 7.4 +0.3 +3 9
136 8.5 8.4 +0.1 +1 1
137 10.0 10.1 -0.1 -1 1
138 3.3 3.2 +0.1 +1 1
139 4.8 4.6 +0.2 +2 4
140 5.2 5.1 +0.1 +1 1
141 6.1 6.1 0 0 0
142 6.5 6.4 +0.1 +1 1
143 8.2 8.2 0 0 0
144 4.1 1.8 0 0 0
145 4.1 3.7 +0.4 +4 16
146 4.7 4.3 +0.4 +4 16TableE-1.(Continued).
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GC Gravimetric
Result Result
, Sample
No.
(mg)
(X1)
(mg)
(X2)
y
(X1-X2)
Y,
(10y ) y2
147 5.4 5.3 +0.1 +1 1
148 6.9 6.7 +0.2 +2 4
149 7.1 7.0 +0.1 +1 1
150 8.1 7.9 +0.2 +2 4
151 8.5 9.1 -0.6 -6 36
152 9.7 10.2 -0.5 -5 25
153 12.0 12.5 -0.5 -5 25
154 3.5 3.3 +0.2 +2 4
155 4.3 4.6 -0.3 -3 9
156 4.7 4.3 +0.4 +4 16
157 5.6 4.9 +0.7 +7 49
158 5.6 5.5 +0.1 +1 1
159 6.0 6.2 -0.2 -2 4
160 6.8 6.8 0 0 0
161 6.0 6.5 -0.5 -5 25
162 7.2 7.4 -0.2 -2 4
163 8.8 9.2 -0.4 -4 16
164 7.4 8.1 -0.7 -7 49
165 3.7 4.2 -0.5 -5 25
166 7.2 7.9 -0.7 -7 49
167 3.8 4.1 -0.3 -3 9TableE-1.(Continued).
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GC Gravimetric
Result Result
Sample (mg) (mg)
,
Y Y,
No. (X1) (X2) (X1-X2) (10y ) Y
2
168 7.1 7.9 -0.8 -8 64
169 4.3 3.9 +0.4 +4 16
170 7.2 8.0 -0.8 -8 64
171 3.8 4.0 -0.2 -2 4
172 7.2 8.1 -0.9 -9 81
173 3.2 3.6 -0.4 -4 16
174 6.6 7.8 -1.2 -12 144
175 3.3 3.7 -0.4 -4 16
176 6.6 7.1 -0.5 -5 25
177 4.1 4.3 -0.2 -2 4
178 7.5 7.8 -0.3 -3 9
179 4.0 4.2 -0.2 -2 4
180 7.8 8.2 -0.4 -4 16
181 4.3 4.3 0 0 0
182 7.9 7.7 +0.2 +2 4
183 4.4 4.6 -0.2 -2 4
184 7.9 8.5 -0.6 -6 36
185 1.8 1.8 0 0 0
186 3.5 3.6 -0.1 -1 1
187 1.5 1.7 -0.2 -2 4
188 2.7 3.2 -0.4 -4 16TableE-1.(Continued).
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GC Gravimetric
Result Result
Sample (mg) (mg)
,
Y Y,
No. (X1) (X2) (X1-X2) (10y ) Y
2
189 1.8 2.0 -0.2 -2 4
190 1.5 1.5 0 0 0
191 1.5 1.6 -0.1 -1 1
192 1.5 1.6 -0.1 -1 1
193 1.1 1.3 -0.2 -2 4
194 1.5 1.9 -0.4 -4 16
195 0.96 1.0 -0.04 -0.4 0.16
196 1.9 1.8 +0.1 +1 1
197 0.75 0.55 +0.2 +2 4
198 1.0 0.93 +0.07 +0.7 0.49
199 1.6 1.5 +0.1 +1 1
200 1.2 1.1 +0.1 +1 1
201 1.5 1.4 +0.1 +1 1
202 2.1 1.9 +0.2 +2 4
203 1.8 1.7 +0.1 +1 1
204 2.4 2.6 -0.2 -2 4
205 2.5 3.0 -0.5 -5 25
206 2.7 3.0 -0.3 -3 9
207 2.7 2.9 -0.2 -2 4
208 4.6 5.4 -0.8 -8 64
209 2.5 2.7 -0.2 -2 4TableE-1.(Continued).
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GC Gravimetric
Result Result
, Sample (mg) (mg) Y Y,
No. (X1) (X2) (X1-X2) (10y ) y2
210 5.2 5.5 -0.3 -3 9
211 2.7 2.9 -0.2 -2 4
212 5.7 5.9 -0.2 -2 4
213 2.4 2.7 -0.3 -3 9
214 3.0 3.1 -0.1 -1 1
215 1.3 1.2 +0.1 +1 1
216 1.9 1.8 +0.1 +1 1
217 2.4 2.4 0 0 0
218 3.0 3.3 -0.3 -3 9
219 3.1 3.3 -0.2 -2 4
220 4.5 4.1 +0.4 +4 16
221 4.0 4.9 -0.9 -9 81
222 5.1 5.6 -0.5 -5 25
223 5.8 6.2 -0.4 -4 16199
The t test was used to determine whether therewas a
significant difference between the gas chromatographic
and gravimetric methods.The t test for this
circumstance is to determine whether the truemean, p, of
the difference between the methods iszero.That is:
Ho; p = 0
If y is the difference within pairs of measurements,t is
calculated as follows:
t = 17 - 01 (E-1)
S(Y)
where S(9) is the estimated standard deviation of the
mean.
For this case, the pertinent parametersare:
and,
n = 223 Ey = -40.7 7 = = -0.183
n
Ey2= 5041 'y2= Zy2 y = 5034
S2(y) = E'v2= 22.7 S2(7)= S2(v) = 0.102
n-1
S(17) = 0.319
t = 117 - 01=1- 0.1831= 0.574
8(7) 0.319200
from statistical tables (69)
t0.05,0,= 1.960
Since the calculated t value is lessthan the
critical value for infinite degreesof freedom, the
hypothesis, that there is no differencebetween the
analytical methods, is accepted.201
APPENDIX F
AEROSOL CONCENTRATION PROFILES202
Tables F-1 and F-2 give all data points for the
measurement of aerosol concentration profiles in the
settling chamber and free jet for each exit Machnumber,
Me, 0.6, 0.8, 1.26 and 1.47.All of these samples were
obtained using isokinetic sampling.The free jet samples
were extracted using sampling probe number 4 which hada
knife edged, divergent supersonic inlet.Figures F-1 and
F-2 show the settling chamber and free jetsampling
locations.These data are summarized in Chapter III,
"Experimental Program."203
Figure F-1.Settling chamber sampling locations for
aerosol concentration profiles.Y
204
Sampledat 0.33
inch increments
Figure F-2.Free jet sampling locations for aerosol
concentratin profiles.Table F-1.
Sample
Number
Settling chamber
Sample
Location
aerosol concentration profiles.
Aerosol Concentration (mq/m3) for SpecifiedM,
Me = 0.6 Me = 0.8 Me = 1.26 Me = 1.47
1 2 11.3 6.3 3.3
2 2 7.9 6.7 2.5
3 4 7.7 4.5 2.5
4 4 8.1 6.5 2.9
5 6 7.4 6.2 2.4 1.9
6 6 7.9 5.8 2.8 1.7
7 6 7.6 6.3 2.9 1.6
8 6 8.8 6.3 1.7
9 6 8.1 7.4 1.8
10 8 7.9 8.3 3.1
11 8 8.2 6.3 3.1
12 10 7.9 7.2 3.4
13 10 7.7 6.9 3.3
14 2 6.5
15 6 7.2
16 6 7.3
17 6 7.3
18 6 7.2
19 10 7.2
Mean 8.2 6.7 2.9 1.7
Std Dev 1.0 0.82 0.34 0.11Table F-2.Free jet aerosol concentration profiles.
Aerosol Concentration (mq/m3) for SpecifiedM.
Sample Sample
Number Location Me = 0.6 Me = 0.8 Me = 1.26 Me = 1.47
1 0.33x 9.0 6.9 3.1
2 0.66x 8.0 8.1 3.1
3 1.0x 7.6 6.4
4 l.Ox 8.3 6.3 3.2 1.8
5 l.Ox 8.6 6.6 3.1 2.0
6 1.0x 9.8 7.0 3.1 2.3
7 1.Ox 9.4 8.1
8 1.33x 9.2 5.7 2.9
9 1.66x 8.2 6.9 2.9
10 0.33y 7.7 10.3 3.3
11 0.66y 8.3 6.8 3.4
12 1.33y 8.0 8.1 3.4
13 1.66y 7.9 8.1 3.4
14 0.33x 6.8
15 1.Ox 8.1
16 1.Ox 8.1
17 1.Ox 8.8
18 1.Ox 8.8
19 0.66x 8.0
Mean 8.5 7.6 3.2 2.0
Std Dev 0.70 1.1 0.20 0.21207
APPENDIX G
PARTICLE SIZE DATA208
The size distribution of stearic acidparticles was
intended to be constant for all experiments.To confirm
that this was the case, sampleswere collected for
particle size determination at variouslocations (i.e.,
settling chamber, free jet, etc.) andat various
experimental set points throughout theexperimental
period.The sampling time for a particle size samplewas
10-15 seconds compared with 5 minutesamples used for
aerosol mass determinations.This procedure avoided
excessive numbers of particles in thecounting field.
The 10-15 second sampling period forparticle sizing was
approximately at the mid-point of the 5minute period of
system operation used for a mass determination.Table
G-1 summarizes the particle size data.Table G-1.Aerosol size distribution summary.
Date Description of Geometric Geometric Sample Sample Sample Location Mean Particle Standard Number Taken And Experimental Conditions Size Deviation
(Pm) (ag)
1 10 Aug 76 Discharge of aerosol neutralizer 0.80 1.27
2 20 Aug 76 Free Jet (FJ) Me = 0.8 0.84 1.23
3 20 Aug 76 Settling Chamber (SC) Me = 0.8 0.85 1.25
4 29 Oct 76 SCMe = 0.8 0.79 1.27
5 29 Oct 76 FJMe = 0.8 0.80 1.31
6 29 Oct 76 SCMe = 0.6 0.74 1.32
7 2 Oct 76 FJMe = 0.6 0.76 1.32
8 5 Nov 76 SCMe = 0.6 0.81 1.33
9 5 Nov 76 FJMe = 0.6 0.83 1.31
10 12 Nov 76 SCMe = 0.6 0.86 1.27
11 19 Nov 76 SCMe = 1.26 0.78 1.26
12 28 Nov 76 FJMe = 1.26 0.74 1.37
13 3 Dec 76 SCMe = 1.26 0.69 1.27
14 3 Dec 76 FJMe = 1.26 0.73 1.26
15 7 Dec 76 SCMe = 1.26 0.70 1.21
16 7 Dec 76 FJMe = 1.2640% isokinetic 0.65 1.30
17 14 Dec 76 SCMe = 1.47 0.82 1.32
18 14 Dec 76 FJMe = 1.47 0.80 1.27
19 14 Dec 76 SCMe = 1.47 0.79 1.28
20 12 Aug 76 Discharge of charge neutralizer 0.71 1.24
21 12 Aug 76 Discharge of charge neutralizer 0.81 1.25
22 13 Aug 76 FJMe = 0 0.77 1.26
Ave = 0.78 Am Ave = 1.28
(std dev 0.06) (std dev 0.04) tc:))
Lo210
Particle geometric mean size and geometric standard
deviation (ag) were determined by direct countingof the
particle images (minimum of 100 particles countedper
sample) on SEM micrographs and plotting theresulting
cumulative number distribution on log probabilitypaper.
Since these plots were straight lines, the aerosolwas
log normally distributed.
The geometric standard deviation,ag, of a log-
normal distribution is defined as the ratio of the
particle size at the 84.1% pointon the cumulative
distribution curve divided by the size at the 50%point.
It is a measure of the particle size distributionrange
of an aerosol sample.
The geometric mean diameter by countcan be
converted to a geometric mean diameter by weightusing
the equation (70):
In M6 = In Mg3 (ln ag)2 (G-1)
M6, = geometric mean diameter by weight
Mg= geometric mean diameter by count
CI g= geometric standard deviation
Table G-2 is a typical particle sizecount and Table
G-3 the resulting cumulative number distributionwhich is
plotted in Figure G-1.
Since the experimental aerosolwas practically211
monodisperse (i.e., a perfectly monodispersed aerosol
would have a geometric standard deviation of 1.0),M'g
is practically the same as Mg.Using the averaged
aerosol values, Mg = 0.78 andUg = 1.28, we have from
equation G-1:
In M'g = In Mg + 3 (in ag)2
in M'g = In 0.78 + 3 (ln 1.28)2
M'g= 0.94 yM.212
Table G-2.Particle sizing data sheet.
Part
No.
Particle
Size on
Micrograph
(mm)
Actual
Particle
Size
(Am)
Part
No.
Particle
Size on
Micrograph
(mm)
Actual
Particle
Size
(am)
1 2.4 0.8 26 2.1 0.70
2 2.7 0.9 27 3.3 1.10
3 3.0 1.0 28 4.2 1.40
4 4.3 1.43 29 2.0 0.67
5 2.0 0.67 30 1.4 0.47
6 3.0 1.00 31 2.8 0.93
7 2.1 0.70 32 2.8 0.93
8 4.0 1.33 33 3.1 1.03
9 4.0 1.33 34 3.3 1.10
10 2.4 0.80 35 2.2 0.73
11 1.9 0.63 36 2.4 0.80
12 1.8 0.60 37 2.4 0.80
13 1.3 0.43 38 1.4 0.47
14 2.0 0.67 39 2.5 0.83
15 2.1 0.70 40 1.9 0.63
16 3.1 1.03 41 2.9 0.97
17 3.0 1.00 42 3.4 1.13
18 2.9 0.97 43 3.1 1.03
19 2.0 0.67 44 2.5 0.83
20 4.0 1.33 45 2.1 0.70
21 1.5 0.50 46 6.9 3.00
22 2.0 0.67 47 1.9 0.63
23 2.2 0.73 48 3.0 1.00
24 2.5 0.83 49 2.1 0.70
25 2.8 0.93 50 2.2 0.73213
Table G-2.(Continued).
Part
No.
Particle
Size on
Micrograph
(mm)
Actual
Particle
Size
(Pm)
Part
No.
Particle
Size on
Micrograph
(mm)
Actual
Particle
Size
(Pm)
51 1.5 0.50 76 2.3 0.77
52 2.0 0.67 77 1.9 0.63
53 2.5 0.83 78 2.4 0.80
54 2.7 0.90 79 3.0 1.00
55 2.7 0.90 80 2.9 0.97
56 2.0 0.67 81 2.1 0.70
57 3.0 1.00 82 2.6 0.87
58 2.8 0.93 83 2.4 0.80
59 2.8 0.93 84 1.9 0.63
60 2.3 0.77 85 4.1 1.37
61 2.2 0.73 86 2.8 0.93
62 2.4 0.80 87 2.4 0.80
63 3.1 1.03 88 2.3 0.77
64 2.8 0.93 89 2.1 0.70
65 3.0 1.00 90 3.7 1.23
66 2.0 0.63 91 2.3 0.77
67 2.3 0.77 92 2.3 0.77
68 2.4 0.80 93 2.3 0.77
69 2.4 0.80 94 4.1 1.37
70 2.0 0.67 95 2.7 0.90
71 1.8 0.60 96 2.5 0.83
72 2.5 0.83 97 2.1 0.70
73 2.1 0.70 98 2.1 0.70
74 4.0 1.33 99 2.2 0.73
75 4.3 1.43 100 3.3 1.10Table G-3.
Groups
Typical particle cumulative size distribution by count.
Tally Midpoint Total
Cumulative
Number (%)
0.3 - 0.399 0.35
0.4 - 0.499 /// 0.45 3 3
0.5 - 0.599 // 0.55 2 5
0.6 - 0.699 7544.1. .7-/-4-4*77-41,/ 0.65 16 21
0.7 - 0.799 7-/-14.4 7./-44 7Y-14.4 7-/-44 // 0.75 22 43
0.8 - 0.899 7Y-74,4 7,441 7.7(44 // 0.85 17 60
0.9 - 0.999 7*A4 714.4 //// 0.95 14 74
1.0 - 1.099 7,41-1 7,44Z/ 1.05 11 85
1.1 - 1.199 //// 1.15 4 89
1.2 - 1.299 / 1.25 1 90
1.3 - 1.399 77'1(4 / 1.35 6 96
1.4 - 1.499 /7/ 1.45 3 99
1.5 - 1.599 1.55
1.6 - 1.699 1.65
1.7 - 1.799 1.75
1.8 - 1.899 1.85
1.9 - 1.999 1.95
2.0 - 2.099 2.05
3.0 / 3.05 1 1005.0
4.0
o 3.0
X2.0
cr
I
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0. I
5 1020 30 40 50 60 70 8090 9598 99
CUMULATIVE % LESS THAN OR EQUAL TO STATED DIA.
Figure G-1.Typical particle size distribution.216
APPENDIX H
BLANK SAMPLE AND PROBE WASH DATA217
Tables H-1 to H-5 give blank sample and probe wash
data.These data are discussed in Chapter III,
"Experimental Program."
Table H-1.Background levels of stearic acidon unused
(blank)
Sample
Number
polycarbonate filters.
Stearic Acid
(mg)
1 0.19
2 0.045
3 0.23
4 0.05
5 0.05
6 0.02
7 <0.01
8 <0.01
9 0.02
10 0.03
Average 0.07
From Table H-1, the average background levelof
stearic acid on unused filterswas 0.07 mg.
Since the minimum sample weight gainwas 0.75 mg
(Appendix E), the maximum error due to backgroundstearic218
acid levels is:
0.07 x 100 ...,9%
0.75
Also, in over 90% of the samples (205 out of 223)
the sample weight gain was greater than 2mg,therefore
the "blank" error was generally about 3%.219
Table H-2.
Sample
No.
Background concentrations of stearic acid
in settling chamber and free jet air stream
with aerosol generator not operating.
Exit Stearic
Free Jet (FJ) Mach Acid
or Settling No. Concentration
Chamber (SC) (Me) (mg/m3)
1 FJ 0.6 0.25
2 FJ 0.6 0.57
3 FJ 0.6 0.05
4 FJ 0.8 0.07
5 FJ 0.8 0.19
6 FJ 0.8 0.02
7 FJ 0.8 0.47
8 FJ 1.26 0.03
9 FJ 1.26 0.04
10 FJ 1.26 0.02
11 FJ 1.47 0.01
12 SC 0.6 0.13
13 SC 0.6 0.15
14 SC 0.8 0.11
15 SC 0.8 0.24
16 SC 0.8 0.06
17 SC 0.8 0.10
18 SC 0.8 0.11
19 SC 1.26 0.08
20 SC 1.26 0.07
21 SC 1.26 0.03
22 SC 1.47 0.01Table H-3.Comparison of average stearic acid concentration in settling chamber
and free jet airstream with and without aerosol generator in operation.
Stearic Acidl Stearic Acid2
Exit Free Jet (FJ) Concentration Concentration Difference
Mach or (Generator On) (Generator Off) C'0 x 100
No. Settling Chamber Co C'0 Co
(Me) (SC) (mg/m3) (mg/m3) (%)
0.6 FJ 8.7 0.3 3.4
0.8 FJ 7.6 0.2 2.6
1.26 FJ 3.1 0.03 1.0
1.47 FJ 2.0 0.01 0.5
0.6 SC 7.9 0.1 1.3
0.8 SC 6.8 0.1 1.5
1.26 SC 2.7 0.06 2.2
1.47 SC 1.7 0.01 0.6
1 Average centerline concentration (from Table4)
2 Average centerline concentration (fromTable H-2)221
The amount of stearic acid aerosol thatwas
deposited on the interior surface of samplingprobes
during a sampling period is given in Table H-4for the
settling chamber probe and in Table H-5 forthe free jet
probes.In some cases, the acetone probe wash solution
was reused for several rinses of sampling probes to yield
a composite wash that represented the wall losses for
several samples.There was no (i.e., <0.004 mg) stearic
acid detected in four unused samples of theacetone rinse
solution.Except as noted, the supersonic inlet probe
was used to sample free jet aerosol for the probe washes
shown in Table H-5.222
Table H-4.Stearic acid aerosol depositedon settling
chamber sampling probe interior wall.
Stearic Stearic Acid
No. of Acid In Collected On
Probe Aerosol Probe Wash Filter(s) A x 100
Wash Samples (mg) (mg) B
No. Represented (A) (B) (%)
1 1 0.15 2.5 6.0
2 1 0.11 8.4 1.3
3 1 0.08 4.0 2.0
4 1 0.08 4.3 1.9
5 1 0.15 4.3 3.5
6 1 0.15 5.9 2.5
7 1 0.13 5.7 2.3
8 1 0.10 5.8 1.7
9 1 0.13 5.9 2.2
10 1 0.14 5.7 2.5
11 3 0.16 13.3 1.2
12 2 0.17 9.8 1.7
13 6 0.37 30.3 1.2
14 7 0.27 25.4 1.1
15 4 0.37 22.1 1.7
16 4 0.42 23.1 1.8
17 4 0.37 22.3 1.7
18 5 0.27 22.9 0.9
19 4 0.35 25.5 1.4
20 5 0.18 18.4 1.0
21 3 0.12 10.6 1.1
22 5 0.16 12.6 1.5
23 3 0.08 5.7 1.4
24 3 0.11 7.9 1.4
25 1 0.11 3.0 3.7
26 1 0.11 2.8 3.9223
Table H-5.Stearic acid aerosol deposited on free jet
sampling probe interior wall.
Probe
Wash
No.
No. of
Aerosol
Samples
Represented
Stearic
Acid In
Probe Wash
(mg)
(A)
Stearic Acid
Collected On
Filter(s)
(mg)
(B)
A x 100
(%)
1 5 4.5 36.4 12.4
2 5 3.8 29.7 12.8
3 12 7.1 74.6 9.5
4 1 0.63 4.7 13.4
5 1 0.97 5.4 18.0
6 1 1.3 8.1 16.0
7 1 0.54 3.5 15.4
8 1 0.56 4.3 13.0
9 1 0.69 5.6 12.3
10 1 0.81 5.6 14.5
11 1 1.0 6.8 14.7
12 1 0.41 7.1 5.8
13 1 0.37 7.2 5.1
14 1 0.31 7.2 4.3
15 1 0.38 1.8 21.0
16 1 0.29 1.5 19.3
17 1 0.22 1.1 20.0
18 1 0.47 4.2 11.2
19 1 1.1 14.9 7.4
20 1 0.67 7.3 9.2
21 1 0.68 7.8 8.7
22 1 0.68 8.2 8.3
23 1 0.97 11.0 8.8
24 1 0.83 11.0 7.5
25 1 0.91 11.0 8.3
26 1 0.83 12.0 6.9Table H-5.(Continued).
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Stearic Stearic Acid
No. of Acid In Collected On
Probe Aerosol Probe Wash Filter(s) A x 100
Wash Samples (mg) (mg) B
No. Represented (A) (B) (%)
27 1 0.83 12.0 6.9
28 3 3.8 24.2 15.7
29 2 2.4 19.0 12.6
30 6 6.0 54.4 11.0
31 5 3.9 48.7 8.0
32 5 4.6 45.3 10.2
33 4 (Probe1)4.0 18.0 18.2
34 4 (Probe2)3.4 34.0 10.0
35 4 (Probe3)9.8 59.0 16.6
36 1 0.32 1.5 21.3
37 1 0.37 1.8 20.5
38 1 0.24 2.5 9.4
39 1 0.32 4.6 6.9
40 1 0.21 5.2 4.0
41 1 0.27 5.7 4.8
42 1 0.27 1.4 19.3
43 1 0.51 2.4 21.3
44 1 0.52 3.0 17.4
45 1 0.54 4.5 12.0
46 1 0.28 5.1 5.5225
APPENDIX I
PROBE WALL THICKNESS EFFECTS226
Table I-1 gives all sampling results for the probe
wall effects study.The true value of the aerosol
concentration, Co, was assumed to be the average of 12
samples using probe number 4 (i.e., knife edge) to sample
aerosol in the Mach 0.8 free jet.Considering the wall
to bore ratio as an independent variable, x, and the
relative error as a dependent variable, y, the linear
correlation coefficient, r, for 15 data points (11 points
for probes 1-3, and 4 points for probe 4) was calculated
as follows:
N = 15Ex = 19.8Ey = 129Ex2 = 51.4
Ey2 = 2841Exy = 244
zfx2 = Ex2-(Ex)2 = 25.3
N
E'y2 = Ey2 (Ev)2 =1732
N
E'xy = Exy - ZxEy = 73.7
N
r = E'x = 0.35
(Efx2E,yy2)1/2
From statistical tables for the correlation
coefficient, r, for N-2 degrees of freedom (69), there is
no significant correlation unless the value of r is at
least 0.44 at the 0.1 probability level.227
Table I-1.Aerosol concentration in a Mach 0.8 free jet
determined by different sampling probes.
Relative
Aerosol Error
Wall to Concentration
Probe Bore Area C C-Co )x100
No. Ratio Aw/Ab (mg/m3) Co
1 3.77 8.5 6.3
1 3.77 8.7 8.8
1 3.77 10.7 33.8
2 1.39 7.5 -6.3
2 1.39 8.8 10.0
2 1.39 9.0 12.5
2 1.39 8.5 6.3
3 0.44 8.4 5.0
3 0.44 9.5 18.8
3 0.44 9.4 17.5
3 0.44 9.9 23.7
4 0.28 8.1
N
4 0.28 6.8
4 0.28 8.2
4 0.28 8.2
4 0.28 8.2
4 0.28 8.4Ave=8.0
4 0.28 8.2
4 0.28 8.0
4 0.28 8.2
4 0.28 7.6
4 0.28 7.7
4 0.28 8.2228
APPENDIX J
ANISOKINETIC SAMPLING RESULTS229
Table J-1 lists all anisokinetic data.Note that for the
supersonic exit Mach numbers, Me= 1.26 and
Me = 1.47, values of Uo, U/Uo, and U/U'oare listed where
U'o = Me and U0 = actual Mach no upstream of the sampling
probe inlet when a bow shock exists in front of the
sampling probe.For Me = 1.26, the Mach number ratio
across a normal shock will be 1.56, or Uo = Mach 0.81.
For Me = 1.47, the Mach number ratio acrossa normal
shock will be 2.06, or Uo = Mach 0.71.In all cases
U = velocity at sampling probe inlet.For isokinetic
sampling conditions in the supersonic free jets there is
no bow shock upstream of the sampling probe (i.e., shock
is swallowed) and for these sampling points,
Me = U'o = Uo.230
Figures J-1 through J-4show the data plotted as the
relative%error, (C -
[
Cn)x 100, versus the sampling
Co
rate expressed as the %of isokinetic,(Ux100).
U0
Because all of the error curves displayed a similar form,
it was convenient to display all of the data on a single
plot shown in Figure 15.Note that in Figure 15, the
data for Me = 1.26 and 1.47 are displayed in terms of the
values of U /U0 derived from the Mach number ratio across
the bow shock just upstream of the probe inlet as
illustrated in Figure 16.
Initially, all the data in Figure 15 were subject to
a linear regression of the form:
y = A + B/x (J-1)
where y = C /C0 and x = U /U0
The best linearized fit of the data gave:
C= 0.28 L,Ja + 0.81 (J-2)
Co U
with a correlation coefficient, r = 0.94.
A non-linear regression of the form:
y = N + (1-N) (J-3)
x
where y = C and x = U
Co U0
gave,231
C = 0.69 + 0.31 U0 (J-4)
Co U
with an average relative deviation of + 11.8%.
These regression analyses were performed using
standard programs available for a programmable Hewlet-
Packard scientific calculator.Table J-1.Free jet anisokinetic sampling data.
Sample
No.
Free Jet
Mach No.
(Me or U'o)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 Co U0
1 0.6 654 58.8 0.09 10.4 41.5 3.99
2 0.6 654 92.2 0.14 10.4 38.8 3.73
3 0.6 654 92.2 0.14 10.4 41.7 4.00
4 0.6 654 201 0.31 10.4 22.4 2.15
5 0.6 654 256 0.39 10.4 18.8 1.81
6 0.6 654 331 0.51 10.4 18.3 1.76
7 0.6 654 58.8 0.09 10.4 28.1 2.70
8 0.6 654 201 0.31 10.4 17.8 1.71
9 0.6 654 331 0.51 10.4 13.7 1.32
10 0.6 654 466 0.71 10.4 12.4 1.19
11 0.6 654 560 0.86 10.4 11.3 1.09
12 0.6 654 65.4 0.10 10.4 39.3 3.79
13 0.6 654 131 0.20 10.4 24.2 2.33
14 0.6 654 131 0.20 10.4 26.8 2.58
15 0.6 654 196 0.30 10.4 21.2 2.04
16 0.6 654 261 0.40 10.4 15.9 1.53
17 0.6 654 327 0.50 10.4 13.5 1.30
18 0.6 654 392 0.60 10.4 12.8 1.23
19 0.6 654 392 0.60 10.4 11.2 1.08
N.)Table J-1.(Continued).
Sample
No.
Free Jet
Mach No.
(Me or U'o)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
U
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 CoU'o
20 0.6 654 458 0.70 10.4 11.6 1.12
21 0.6 654 654 1.0 10.4 9.9 0.95
22 0.8 850 64.6 0.076 9.2 35.9 3.90
23 0.8 850 258 0.30 9.2 15.6 1.70
24 0.8 850 435 0.51 9.2 9.9 1.08
25 0.8 850 621 0.73 9.2 9.5 1.03
26 0.8 850 791 0.93 9.2 9.5 1.03
27 0.8 850 64.6 0.076 9.2 37.9 4.12
28 0.8 850 146 0.17 9.2 23.9 2.60
29 0.8 850 146 0.17 9.2 27.8 3.02
30 0.8 850 258 0.30 9.2 20.7 2.25
31 0.8 850 329 0.39 9.2 17.7 1.92
32 0.8 850 435 0.51 9.2 15.3 1.66
33 0.8 850 85 0.10 9.2 33.8 3.67
34 0.8 850 170 0.20 9.2 19.6 2.13
35 0.8 850 255 0.30 9.2 14.8 1.61
36 0.8 850 340 0.40 9.2 14.2 1.54
37 0.8 850 340 0.40 9.2 14.8 1.61
38 0.8 850 425 0.50 9.2 13.4 1.46Table J-1.(Continued).
Sample
No.
Free Jet
Mach No.
(Me or U'0)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
U
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 CoU'o
39 0.8 850 510 0.60 9.2 11.7 1.27 -
40 0.8 850 595 0.70 9.2 11.5 1.25 -
41 0.8 850 850 1.0 9.2 9.9 1.08 -
42 1.26 1238 1238 1.0 1.5 1.7 1.131.0
43 1.26 856 991 1.16 1.5 1.6 1.070.8
44 1.26 856 743 0.87 1.5 1.4 0.930.6
45 1.26 856 495 0.58 1.5 1.8 1.200.4
46 1.26 856 248 0.29 1.5 2.6 1.730.2
47 1.26 856 124 0.14 1.5 4.8 3.250.1
49 1.26 856 186 0.22 1.5 3.5 2.330.15
50 1.26 856 248 0.29 1.5 2.8 1.870.2
51 1.26 856 372 0.43 1.5 2.5 1.670.3
52 1.26 856 495 0.58 1.5 2.6 1.730.4
53 1.26 856 619 0.72 1.5 1.7 1.130.5
54 1.26 856 867 1.01 1.5 1.7 1.130.7
55 1.26 856 1114 1.30 1.5 1.4 0.930.9
56 1.26 1238 1238 1.0 1.5 1.3 0.871.0
57 1.47 765 139 0.18 2.1 5.3 2.520.1Table J-1.(Continued).
Sample
No.
Free Jet
Mach No.
(Me or U'o)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
U
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 CoU'o
58 1.47 765 208 0.27 2.1 5.2 2.480.15
59 1.47 765 277 0.36 2.1 3.8 1.810.2
60 1.47 765 416 0.54 2.1 3.2 1.520.3
61 1.47 765 554 0.72 2.1 3.0 1.430.4
62 1.47 765 693 0.91 2.1 2.5 1.190.5
63 1.47 765 832 1.09 2.1 3.0 1.430.6
64 1.47 765 970 1.27 2.1 2.3 1.100.7
65 1.47 765 1109 1.45 2.1 2.5 1.190.8
66 1.47 765 1247 1.63 2.1 2.6 1.240.9
67 1.47 1386 1386 1.0 2.1 1.8 0.861.0
68 1.47 1386 1386 1.0 2.1 2.1 1.001.0
69 1.47 1386 1386 1.0 2.1 2.2 1.051.0
70 1.26 1238 1238 1.0 3.6 3.6 1.001.0
71 1.26 1238 1238 1.0 3.6 3.5 0.971.0
72 1.26 1238 1238 1.0 3.6 3.5 0.971.0
73 1.26 1238 1238 1.0 3.6 3.5 0.971.0
74 1.26 1238 1238 1.0 3.6 3.5 0.971.0
75 1.26 1238 1238 1.0 3.6 3.2 0.891.0
76 1.26 1238 1238 1.0 3.6 3.2 0.891.0Table J-1.(Continued).
Sample
No.
Free Jet
Mach No.
(Me or U'o)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
U
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 CoU'o
77 1.26 1238 1238 1.0 3.6 3.7 1.031.0
78 1.26 1238 1238 1.0 3.6 3.8 1.061.0
79 1.26 1238 1238 1.0 3.6 3.8 1.061.0
80 1.26 1238 1238 1.0 3.6 3.8 1.061.0
81 0.8 850 850 1.0 8.5 7.6 0.89
82 0.8 850 850 1.0 8.5 7.7 0.91 -
83 0.8 850 850 1.0 8.5 9.0 1.06 -
84 0.8 850 850 1.0 8.5 7.1 0.84 -
85 0.8 850 850 1.0 8.5 7.0 0.82 -
86 0.8 850 850 1.0 8.5 7.4 0.87 -
87 0.8 850 850 1.0 8.5 7.8 0.92 -
88 0.8 850 850 1.0 8.5 9.0 1.06 -
89 0.8 850 850 1.0 8.5 9.0 1.06 -
90 0.8 850 850 1.0 8.5 9.0 1.06 -
91 0.8 850 850 1.0 8.5 9.9 1.16 -
92 0.8 850 850 1.0 8.5 9.9 1.16 -
93 0.8 850 850 1.0 8.5 6.4 0.75
94 0.8 850 850 1.0 8.5 7.7 0.91 -
95 0.8 850 850 1.0 8.5 9.0 1.06 -Table J-1.(Continued).
Sample
No.
Free Jet
Mach No.
(Me or U'o)
Free Stream
Velocity,
U0 (ft/sec)
Sampling
Velocity,
U (ft/sec)
U
True
Aerosol
Conc, Co
(mg/m3)
Measured
Aerosol
Conc, C
(mg/m3)
C U
U0 CoU'o
96 0.8 850 850 1.0 8.5 11.5 1.35
97 0.8 850 850 1.0 8.5 7.6 0.89
98 0.8 850 850 1.0 8.5 9.0 1.06
99 0.8 850 850 1.0 8.5 9.0 1.06
100 0.6 654 654 1.0 9.5 9.0 0.95
101 0.6 654 654 1.0 9.5 10.0 1.05
102 0.6 654 654 1.0 9.5 8.5 0.89
103 0.6 654 654 1.0 9.5 9.3 0.98
104 0.6 654 654 1.0 9.5 9.6 1.01
105 0.6 654 654 1.0 9.5 11.0 1.16
106 0.6 654 654 1.0 9.5 10.5 1.11
107 0.6 654 654 1.0 9.5 9.2 0.97
108 0.6 654 654 1.0 9.5 10.3 1.08
109 0.6 654 654 1.0 9.5 9.3 0.98
110 0.6 654 654 1.0 9.5 8.6 0.91
131 0.6 654 654 1.0 9.5 8.9 0.94
112 0.6 654 654 1.0 9.5 8.8 0.93300
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APPENDIX K
COMPARISON OF ANISOKINETIC RESULTS
WITH RESULTS OF OTHER AUTHORS243
Since the anisokinetic results of other authors are
related to particle Stokes number, K, where
K = pp di; Uo Cs (K-1)
18 Ag Dp
and,
pp = particle density
dp = particle diameter
U0 = free stream velocity
Cs = Cunningham correction factor
Ag = gas viscosity
DP= bore of sampling probe
K was calculated for the experimental conditions.
First, the Cunningham correction is given by (71):
Cs = 1 + A*[1.26+ 0.4 exp (-1.1Rp.)](K-2)
A* RP
where,
A* = mean free path of air molecules
= 0.65 x 10-5cm at 20c at 1 atm
Rp = radius of particle = 0.4Am
and,
Cs = 1 + 0.0065x10-5m1.26 + 0.4 exp (-1.1x0.4x10-6M)
0.4x10-6m 0.0065x10-5m
Cs = 1.2244
Then, calculate Stokes number given that:
pp = 58Lbs/ft3 (specification for Emersol 153
stearic acid)
dp = 0.8 pm = 0.0262 x 10-4 ft
Dp = 0.177 in = 0.0148 ft
yg = 0.11 x 10-4 lb/ft-sec at OC
U0 = 653.6 ft/sec (Me = 0.6)
U0 = 850 ft/sec (Me = 0.8)
For Me = 0.6, K is:
K=
58 Lbs x (2.62 x 10-6 ft)2 x 653.6 ft/sec x 1.2
18 x 0.11 x 10-4 Lb x 0.0148 ft
sec x ft
K = 0.10
For Me = 0.8,
K = 0.14
Thus, the Stokes number range for experimental data
is 0.10 - 0.14.For the supersonic cases the Stokes
number calculation is based on U0 equal to the subsonic
Mach number down stream of the normal shock in front of
the probe which for Me = 1.47 is M2 = 0.81 and for Me=
1.26, M2 = 0.71.Thus, the Stokes number range of 0.10-
0.14 includes all data.For this reason, the comparison
of the experimental data with results for other authors
was based on an average Stokes number of 0.12.
The present experimental anisokinetic data was
correlated with the equation:245
C = 0.69 + 0.31 (Uo/U) (K-3)
Co
Voloshchuck and Levin (21) gave a theoretical
approximation:
C = 1 + (110, -1)B(K) (K-4)
Co
Davies, as reported by Belyaev and Levin (23),
suggested,
B(K) = 1 - [1/(1 + 4K)]
or for K = 0.12,
B(K) = 0.32
and equation K-4 becomes:
C = 0.68 + 0.32 Lio.
co
(K-5)
(K-6)
Belyaev and Levin (23) approximated their results
with,
B(K) 1- [1/(1+BK)] (K-7)
where,
B = 2 + 0.62 (U/Uo) (K-8)
Equation K-4 becomes:
C = 1 + [P,:x - 1][1 - (1/(1 + (2 + 0.62 U)) K)] (K-9)
Co U U0246
Zenker (22) found that,
C = N + U0 (1-N) (K-10)
Co
N = dimensionless coefficient depending only on
the Stokes number
Equating equation K-10 and K-4 and solving for 13(K) we
have:
or,
C = N + Un (1-N) = 1 + ( - 1) B(K) (K-11)
Co
N+ (1-N) - 1 (K-12)
U
13(K) =
U- 1
U
N + U0 - N .110.- 1 (K-13)
U U
13(K) =
13(K) =
U- 1
U
N (1 - U0) + U0 - 1 (K-14)
U U
UQ. -113(K) =
-N (E071) + (U0-1)
U U
Ur) - 1
U
247
(K-15)
13(K) = (1 - N) (K-16)
According to Zenker (22) for K = 0.12,
N = 0.71 and 13(K) = 0.29
and equation K-4 becomes:
C= 1 +(1_10. -1) 0.29
co U
(K-17)
C= 0.71 + 0.29 (Un) (K-18)
Co U
Badzioch (26) proposed that:
C= n(U0) + (1 - n) (K-19)
Co U
where n is defined as an "inertial parameter".
Based on experimental data, Badzioch (26) gives
values of q for various sampling probe diameters as afunction of the "range" of a particle, A = VU (cm).
g
where,
v = free falling velocity of a particle by
Stokes law
V = Upp - p) d2 gl x C
18 Pg
For U0 = Mach 0.8 = 850 ft :
sec
58 Lb x (2.62 x 10-6 ft)2 g x 1.2
A = ft3
18 x 0.11 x 10-4 Lb x g
sec x ft
248
(K-20)A = 0.064 cm
and from Badzioch (26),
= 0.07
and equation K-19 becomes;
C= 0.07 (UL) + 0.93
co
Watson's (27) analysis gave:
2
= [1+ f(K)[(U)1/2-1]]
Co U U0
249
(K-21)
(K-22)
where f(K) is an unknown function of the Stokes number,
K.
Watson determined f(K) experimentally; for K = 0.12,
f(K) = 0.9250
and equation K-22 becomes;
2
Co
0.9((-UU
o
)1/2-1)] (K-23)
Forney and McGregor (28) theoretically determined
that the reduced probe efficiency, Ep/for a thin-walled
cylindrical probe used in a supersonic stream is
correlated with a a single universal curve and a function
of whf where:
= inertial parameter = K1 Cs (Dr (1)s (K-24)
and,
where,
and,
K1 = Stokes number upstream of probe bow shock
K1 = pp d/2) UO (K-25)
18 pi R
R = probe radius
Cs = Cunningham slip correction factor
cDr. = non-Stokesian correction factor
41.1. = 18
2
Eep1/3 - 2.52tan-1Rep1/31(K-26)
Re
P2 2.52
ReP2= particle Reynolds number
Rep= Rep (P2)
2 1
Rep= pl UP dp
1
(K-27)
(K-28)251
subscripts: 1 = stagnation conditions upstream of shock
and
2 = stagnation conditions downstream of shock
(Ds = ratio of probe radius-to-shock detachment
distance or R/8
where,
L IL)cosC 1 0<f <1p_
R\R/f=0
2
and,
(K-29)
=1.78 [1 - 0.46 (Me-2) + 0.32 (Me-2)2] (K-30)
R fp=0Me
The probe collection efficiency, E, is related to
Ep by,
Ep = (E-fp)/(1-fp)
or E = Ep (1-fp) + fp
where,
fp = probe mass fraction ingested
In terms of this work;
f= Uand E = Cn
U0
(K-31)
(K-32)252
Table K-1 gives the appropriate terms calculated for
Me = 1.26 and Me = 1.47.
Table K-1.Terms needed to calculate the inertial
parameter, Wf.
Term Me = 1.26 Me = 1.47 Equation
(S/R)fp=0 2.14 1.61 K-29
K1 0.39 0.47 K-25
ReP1
33.2 43.7 K-28
ReP2
48 79 K-27
l'r 0.45 0.38 K-26
Cs 1.2 1.2 K-2
(6)f=0 5.4 mm 4.1 mm K-30
For Me = 1.26,
K x Cs x (Dr = (0.39) (1.2) (0.45) = 0.21
For Me = 1.47,
K x Cs x (Dr = (0.47) (1.2) (0.38) = 0.21
Table K-2 gives calculated values of Of and
corresponding values of Ep obtained from Figure 2.E,
calculated from equation K-31 and C/Co are also given.Table K-2.Inertial parameter and probe collection efficiency
for various probe injestion rates.
Probe Inertial Reduced
Ingestion Parameter Collection Collection
Rate cD S irf Efficiency Efficiency C
(f) (Tf)1/2 EP E Co
0.1 0.47 0.099 0.31 0.15 0.24 4.25
0.2 0.49 0.10 0.32 0.17 0.34 2.98
0.3 0.53 0.11 0.33 0.18 0.43 2.35
0.4 0.58 0.12 0.35 0.20 0.52 1.92
0.5 0.66 0.14 0.37 0.22 0.61 1.64
0.6 0.79 0.17 0.41 0.24 0.70 1.44
0.7 1.04 0.22 0.47 0.37 0.81 1.23
0.8 1.51 0.32 0.57 0.49 0.90 1.11
0.9 2.93 0.62 0.79 0.76 0.98 1.02254
The relationship between the probe ingestion rate
and shock detachment distance, 6, given by equation K-29
is the result of a theoretical development by Forney et
al (72) for Me = 2.Table K-3 compares predicted values
of 8 from equations K-29 and K-30 with values measured
directly from shadowgraphs of probe number 4 submerged in
supersonic flow (Figure 14).
Table K-3.Measured shock detachment distance compared
with predicted values.
Nozzle
Exit Shock Detachment Distance, 8(mm)
Mach No. U
(Me) U0 Measured Predicted
1.26 0 4.4 5.4
1.47 0 3.1 4.1
1.26 0.7 2.4 2.4
0.47 0.9 1.3 0.7
Table K-4 compares the predicted values of C/C0 for
values of U/U0 from 0.1 to 1.0 using the correlation
equations developed by the various authors mentioned
above.Table 5 compares the experimental conditions used
by these authors in developing their predictive equations
for anisokinetic sampling errors.Table K-4.Comparison of anisokinetic sampling results of various authors.
U/U0
C/Co
(eq K-3)
(Martone)
C/Co
(eq K-6)
(Davies)
C/Co
(eq K-9)
(Belyaev-Levin)
C/Co
(eq K-18)
(Zenker)
C/Co
(eq K-21)
(Badzioch)
C/Co
(eq K-23)
(Watson)
C/Co
(eq K-31)
(Forney)
0.1 3.79 3.88 2.78 3.61 1.63 1.47 4.25
0.2 2.24 2.28 1.81 2.16 1.28 1.26 2.98
0.3 1.72 1.75 1.48 1.68 1.16 1.17 2.35
0.4 1.47 1.48 1.32 1.44 1.11 1.12 1.92
0.5 1.31 1.32 1.22 1.29 1.07 1.08 1.64
0.6 1.21 1.21 1.15 1.19 1.05 1.07 1.44
0.7 1.13 1.14 1.10 1.12 1.03 1.04 1.23
0.8 1.08 1.08 1.06 1.07 1.02 1.02 1.11
0.9 1.03 1.04 1.03 1.03 1.01 1.01 1.02
1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00256
APPENDIX L
SUBISOKINETIC SAMPLING ERRORS FOR
AIRCRAFT TURBINE ENGINE SMOKE PROBES257
The Environmental Protection Agency (EPA) has
promulgated emission standards and measurement procedures
for smoke produced by aircraft turbine engines (1).
Smoke, by EPA definition, is particulate matter in engine
exhaust that obscures transmission of light.The EPA
test methods are largely adoptations of the Aerospace
Recommended Practice, ARP 1179, developed by the Society
of Automotive Engineers (SAE) Committee on Aircraft
Exhaust Emissions Measurement (E-31) (2).The procedure
involves passing a known mass of engine exhaust gas
through a filter and measuring the optical reflectivity
of the collected particles.Dividing this result by the
clean filter reflectance yields a dimensionless term used
for quantifying aircraft engine smoke emissions called
smoke number (SN) according to the following equation:
SN = 100 [1 - (Rs/Rw)]
Rs = sample reflectance
Rw = clean filter reflectance
(L-1)
ARP 1179 specifies a sample flow rate of 286 cm3/sec
using a single element sampling probe with an inlet
diameter (Dr) of 2.0 mm.This means that a typical smoke
probe located at the exit nozzle of an aircraft engine
operates at about 20 to 33 percent of the isokinetic
sampling velocity (73).Using this information and the258
findings of this study, it is possible to estimate
subisokinetic sampling errors associated with smoke probe
operation.It should be noted that the EPA procedure (1)
permits multipoint manifolded sampling probes with no
specification for their physical dimensions, thus the
entrance velocity at each orifice could be appreciably
different from the velocity at the inlet of a single
element smoke probe.
For Stokes numbers between 0.06 and 14 and values of
U/Uo bewtween 0.4 and 2.5, Zenker (22) provides the
following relationship:
C/Co = N + (Uo/U) (1-N) (L-2)
where:
N = dimensionless coefficient depending only
on the Stokes number
For Stokes numbers less than 0.5, a least squares
fit (N vs K1/2) to Zenker's (22) smoothed data gives:
N = 1.02 - 0.85 (K)1/2 (L-3)
Since Equation L-2 was experimentally verified over
a wider range of Stokes numbers than Equation 8, it was
used in the following calculations to estimate
subisokinetic errors associated with gas turbine engine
smoke probe operation.
To apply Equation L-2, the first step is to259
calculate appropriate particle-nozzle Stokes numbers.
This requires a knowledge of engine exhaust temperature
and velocity as well as information about the exit plane
particle size distribution.For illustrative purposes,
consider the JT9D turbofan engine which powers the Boeing
747 aircraft.According to the LAAPCD (11), at the take-
off setting the JT9D has an exhaust temperature of
approximately 480C and an exhaust velocity (U0) near 400
m/sec (Mach 0.74).Although the size distribution of
particles in a gas turbine engine exhaust is not known
with much certainty, the result of the often cited work
of Stockham and Betz (8) is used.Stockham and Betz (8)
found particles at the exhaust plane of a J57 engine
operating at 76% normal power to have a number median
diameter (Mg) of 0.053 Am and a geometric standard
deviation (ag) of 1.63.The number median diameter (Mg)
canbeconvertedtothemassmediandiameter('(Mg) using
(70):
in M4 = In Mg + 3(ln 0g)2 (L-4)
For this example, 164 equals 0.108
If the particle mass distribution is divided into
size intervals which represent 10% of the particle mass,
one can calculate Stokes numbers and use Equation L-3 to
determine N values for the mid-point particle diameter in260
each interval; Table L-1 summarizes this procedure.In
the particle-nozzle Stokes number calculation a gas
viscosity (Mg) of 358.3 y poise, a probe inlet diameter
(Dr) of 2.0 mm, and a particle density of (pg) of 1.0
gm/cm3 were used.
With the computed N values (Table L-1), Equation L-2
can be used to estimate average relative percent sampling
errors[((C/C0)/C0) x 100]for subisokinetic operation
(U/U0<1) of an ARP 1179 smoke probe.Table L-2 lists the
computed values of C/Co for the mid-point particle
diameter of each 10% mass interval.In addition, Table
L-2 contains arithmetic average values of C/Co for
selected sampling velocity ratios (U/Uo) ranging from 0.1
to 0.7.When U/Uo is greater than 0.7 the sampling error
is negligible.Figure L-1 shows averaged C/Co and
selected U/Uo values plotted as relative % error versus
the % of the isokinetic condition.As shown in Figure
L-1, operation of an ARP 1179 smoke probe would produce
an estimated 15-30% subisokinetic error at the assumed
exhaust conditions.
Under aircraft turbine engine smoke testing
procedures as specified in SAE ARP 1179 (2), the
predicted subisokinetic sampling errors are not serious,
since it has been shown by Champagne (3) that smoke
filters which differ in collected particle mass by 50%
can yield the same SAE smoke number.Thus, a smokeTable L-1.Stokes numbers (K) and N values for a typical gas turbine engine
exhaust particle size distribution.
Particle Wt% Less Mid-Point Stokes
Diameter than Stated diameter, dp Number
(Am) Diameter (Am) K (Eq. L-3)
0.023 0.1 0.040 0.0031 0.973
0.057 10 0.064 0.0052 0.959
0.070 20 0.077 0.0066 0.951
0.083 30 0.089 0.0078 0.945
0.095 40 0.102 0.0096 0.937
0.108 50 0.115 0.010 0.935
0.121 60 0.131 0.013 0.923
0.140 70 0.152 0.017 0.909
0.163 80 0.183 0.021 0.897
0.202 90 0.351 0.060 0.812
0.500 99.9Table L-2.Predicted aerosol concentration ratios (C/Co) for
selected sampling velocity ratios (U/Uo).
Particle
Diameter, dp
(Am)
Aerosol Concentration Ratio, C/Co
UN° =0.7 WU° = 0.5 WU° = 0.3 WU° = 0.2 U/U0 =
0.040 1.01 1.03 1.06 1.11 1.24
0.064 1.02 1.04 1.10 1.16 1.37
0.077 1.02 1.05 1.11 1.20 1.44
0.089 1.02 1.06 1.13 1.22 1.50
0.102 1.03 1.06 1.15 1.25 1.57
0.115 1.03 1.07 1.15 1.26 1.59
0.131 1.03 1.07 1.18 1.31 1.69
0.152 1.04 1.09 1.21 1.36 1.82
0.183 1.04 1.10 1.24 1.41 1.93
0.351 1.08 1.19 1.44 1.75 2.69
Ave. C/Co 1.03 1.08 1.17 1.30 1.68
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CONDITIONS:
FREE STREAM VELOCITY (U.) MACH 0.74
PROBE INLET DIA. (Dr) 2.0mm
GAS TEMPERATURE 460C
PARTICLE DENSITY (Ps) 1.0 gm/cms
PARTICLE MASS MEDIAN DIA. (MMD)
GEOMETRICAL STANDARD DEVIATION
OF PARTICLE SIZE DISTRIBUTION (i 1 1.63
TYPICAL
SMOKE
PROBE
RANGE
10 20 30 40 50 60 70 80 90
SAMPLING CONDITION, % OF ISOKINETIC (U/U. X 100)
100
Figure L-1.Predicted subisokinetic sampling errors for a standard ARP 1179
smoke probe.264
sample obtained isokinetically anda smoke sample
obtained with U/Uo as lowas 0.13 could produce identical
smoke numbers.This can occur because smoke numberis
primarily influenced by the reflectivityof smaller
particles on the filterpaper.Larger particles will
have little effect on the readingobtained, irrespective
of their mass quantity.It must also be remembered that
the error calculationwas performed for a take-off engine
power setting and therefore, must be considereda worst
case analysis for a non-afterburning aircraftgas turbine
engine.
The results are of special interestto those
concerned with measuring the truesmoke density (mass of
particles/volume) of gas turbine engineexhausts.For
this determination, especiallyat the take-off engine
power setting, it is evident that subisokineticsampling
errors need to be considered.To insure representative-
ness, samplers should operate isokineticallyor have a
selection of sampling rates to maintaina sufficient U/Uo
for all engine power settings.